Characterisation of semi-insulating GaAs and InP for use in radiation detection. by El-Abbassi, Hanan.
7735435
£ >
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: 10147834
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is d e p e n d e n t upon the quality of the copy subm itted.
In the unlikely e v e n t that the author did not send a c o m p le te  manuscript 
and there are missing p a g e s , these will be n oted . Also, if material had to be rem oved,
a n o te  will ind icate the deletion .
uest
ProQuest 10147834
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C o d e
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 8 1 0 6 -  1346
Characterisation of 
Sem i-Insulating G a As and InP  
for use in R adiation D etection
Hanan El-Abbassi
Supervisors:
Dr. P. J. Sellin 
Dr, E. J. Morton
Departm ent of Physics,
School of Physics and Chemistry,
University of Surrey.
June 9, 2004
A cknow ledgem ents
I wish to express my gratitude to a number of people who have contributed 
towards the completion of my PhD project. Ultimate thanks goes towards my 
supervisor for his help and friendly approachfulness as well as his encouragement. 
During my PhD he has always been available when I have needed him.
At this point I ’d like to apologise to  anyone I may have inadvertently left out in 
my aknowledgements, but I will try  my best to include everyone. I can not forget 
to omit Gary Strudwick, whom has been a great help with the preparation of 
experimental apparatus. Particularly during the period of the reallocation of the 
Optical Devices and Materials group to the ATI building, where I acknowledge 
he had been occupied with a host of other projects.
I also thank Shyama R ath for sharing her views and ideas on subjects pertain­
ing to this PhD. I have missed our discussions very much, and would especially 
like to thank her for our continued contact even after leaving the University of 
Surrey just over a year ago. Her response to my emails have been very useful and 
reassuring.
I must also thank all my friends and colleagues who have helped to  heighten 
my morale, who from the top of my head include; Hasna El-Masri whom I wish 
the best of success in Australia, Aziz Matani, Marwan, Rina Kamal. Thanks to 
Annika Lohstroh who has helped out with a number of those LaTeX nuances tha t 
tu rn  up as well as giving me her room to stay in during the Christmas period.
Above all I must thank my family, especially my parents who have given me 
plenty of support during the difficult times, my mother has saved me a lot of time 
by preparing me meals. I must also acknowledge my brother whom I am grateful 
for the many trips he has made from Watford to Guildford on many occasions, 
purely to give me a helping hand.
A bstract
A range of optical, electrical and radiation techniques were used to study the per­
formance of GaAs and semi-insulating InP detectors, to assess their suitablility as low 
energy X-ray detectors for medical imaging applications, all of which were grown us­
ing different techniques and approaches. Alpha-particle spectroscopy experiments were 
used to study the charge collection efficiency of the materials. Also used were op­
tical and electrical methods such as photoluminescence mapping, photo-induced cur­
rent transient spectroscopy and capacitance-voltage measurements, Room-temperature 
photoluminescence mappings have also been used to reveal the excellent homogeneity 
of the SI InP samples and epitaxial GaAs.
Understanding of the best growth technique(s) and suitable device fabrication meth­
ods for these materials would encourage their commercial use as a radiation detector. 
For instance, an inverse correlation of the Fe concentration in InP with the mobility­
lifetime product of the carriers has been shown to exist. A low amount of Fe is required 
for good detection properties, although a sufficient amount is needed to render the ma­
terial semi-insulating. Fe-diffused InP by annealing of Fe concentration 4.5 x 10^ ® cm“  ^
is shown to have an electron jur-product of 3.6 x 10~  ^ cm^/ V and hole /i,r-product 
of 1.5 X 10~® cin^/ V at room temperature. This is still about an order of magnitude 
lower than that typically observed for CdTe, which is currently the best candidate with 
regards to medical imaging applications.
The suitability of epitaxial GaAs for use as a radiation detector was also studied. 
This material, with a thickness of 200 - 500 fj,s was produced at the Marie Curie 
University, Paris, using a novel growth technique.
A sample of only 1.3 x 10^ '^  cm~^ impurity concentration exhibited carrier lifetimes 
of up to 2 f-Ls at room temperature. The depletion width at this temperature is only 20 
/im at 10 V. Gamma measurements with 60 keV photons of the epitaxial material shows 
photopeaks with a charge collection efficiency of 80% at 90 V and energy resolution 4.9 
%.
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Chapter 1
Introduction
1.1 Overview
The ideal requirements for a semiconductor material suitable for X-ray imag­
ing devices are a large atomic number (Z) for good photon detection efficiency, 
a bandgap above 1 .2  eV to allow room temperatm'e operation, and high purity 
thick material. Over the last twenty years a number of compound semiconductor 
materials have received considerable attention as possible candidates for X-ray 
detectors, including for example, GaAs, CdTe, CdZnTe, Hgig, and InP. These 
materials are required to be semi-insulating in chai'acter, with low carrier con­
centrations, high purity, and long carrier mobility-lifetime products. However 
many of the very high-Z materials suffer from very short hole drift distance, due 
to poor hole mobility, and a correspondingly poor spectroscopic performance. 
Semi-insulating (SI) bulk GaAs and InP are generally considered good candi­
dates for X-ray imaging for photon energies in the range 10-60 keV, due to their 
intermediate Z values (figure 1 .1 ). However both materials tend to suffer from 
relatively high defect or impiuity concentrations which give rise to  significant 
charge trapping and shallow depletion thicknesses.
In this thesis a study has been made of the electrical characteristics and 
radiation response of thick epitaxial GaAs and semi-insulating bulk InP, both
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produced by novel methods. In the case of GaAs, the material studied was 
produced in Paris using a growth method referred to as chemical reaction in 
close space vapour transport [1]. This method potentially offers a low-cost and 
fast growth technique for thick epitaxial GaAs layers th a t do not contain the 
high concentrations of the native defect EL2 th a t are associated with bulk semi- 
insulating GaAs wafers [1] [2 ], A variety of GaAs wafer samples and devices 
produced by this method were characterised in this work, with a range of material 
thickness from 100-600 pm.
The InP studied in this work was bulk material, compensated with Fe either 
during the crystal growth, supplied by AXT, or by a single-wafer annealing tech­
nique, carried out at MASPEC. The Fe-doped AXT InP material was grown by 
the Vertical Gradient Freeze (VGF) teclmique and was claimed to have a rel­
atively low Fe-doping concentration. The MASPEC material was doped by a 
novel single-wafer Fe diffusion which resulted in lower overall Fe concentration 
and improved single-wafer unformity [3].
1.2 M otivation for th is work
The main objective for this work is to characterise and compare the properties of 
radiation detectors fabricated from GaAs and InP which had been grown using 
new techniques. These materials offer considerable potential for use as solid- 
state digital X-ray imaging sensors, with particular applications in medical X-ray 
imaging in the 10-60 keV energy range.
X-ray imaging is one of the fastest and simplest way for a physician to view 
the internal organs and structures of the body. Having been available for just 
over a century, it has been an excellent tool for assessing skeletal trauma, diag­
nosing the gastro-intestinal system, and for high resolution diagnostic imaging 
for mammography. Clinical studies in the Netherlands, Sweden, and the United 
States have suggested th a t deaths from breast cancer could be reduced by 36 % to
CHAPTER 1. INTRODUCTION 10
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Figure 1 .1 ; The photoelectric absorption efficiency of several semiconductor com­
pounds
44 % if mammographie screening was performed annually on all women in their 
forties [4]. Comprising a majority of all diagnostic procedures done on a world­
wide annual basis, X-ray diagnostic imaging is one of the primary techniques in 
the detection, diagnosis and treatm ent of cancer.
Digital X-ray imaging detectors have many advantages over older generations 
of film-based imaging techniques, including higher sensitivity and so a reduced 
patient dose, instant availability of images, and the convenient storage and display 
of images in an electronic format. Such digital radiography techniques require 
the use of a solid-state X-ray imaging detector tha t can measure m edical X-rays 
(typically 10-100 keV) with good photon detection efficiency, high spatial and^
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reasonable energy resolution. Figure 1.2 shows an example of a digital X-ray 
image which reveals a transplanted kidney with a stent placement [5].
Semiconductor materials are very strong candidates for digital radiography, 
where a direct digital readout is possible and very high dynamic ranges exist. The 
excellent time resolution of semiconductors also enables fast dynamic studies.
Some work with imaging detectors fabricated from bulk SI GaAs material have 
shown preliminary results in the field of hard X-ray astronomy [6 ]. More recently 
pixelated detectors made from SI GaAs for synchrotron X-ray applications have 
been fabricated [7].
Figure 1.2: Intra-arterial X-ray digital subtraction angiography showing the 
pelvis [5]
A major advantage for both GaAs and InP as materials for X-ray imaging is 
the high absorption efficiency in the medical energy range compared with Si (see 
figure 1.1). This allows a lower X-ray dose to achieve the same image quality as 
that obtained from film or Si detectors [8 ].
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1.2.1 G aA s radiation detectors
There has been active development of GaAs radiation detectors since the 
1960’s where GaAs was first used as a ’charged particle spectrometer’ [9]. However 
initial progress was limited by the lack of high purity SI bulk material.
Undoped LEG GaAs is nominally p-type due to the presence of shallow ac­
ceptor impurities within the crystal but the presence of high concentrations of 
the native defect, EL2, induces self compensation. In buUc material the EL2 
deep donor level increases in concentration as the amount of As in the Ga/As 
melt is increased. Consequently the EL2  defect level, which resides at 0.8 eV be­
low the conduction band, is associated with As richness. Electron paramagnetic 
resonance measurements and shallow donor-doping experiments support this as­
signment and have demonstrated th a t EL2 is, or contains, the As antisite defect, 
Asca [10]- During the last decade there has been a renewed interest in GaAs 
particle detectors as potential radiation-hard particle tracking detectors, carried 
out through the CERN RD8  collaboration. Progress in the use of GaAs as a 
material for X-ray detectors was limited by the lack of bulk SI with low EL2 
concentration, and the problem of a non-uniform electric field profile in SI GaAs 
devices. The latter phenomenon was attributed to a field-dependent EL2 capture 
cross-section [1 1 ], resulting in thick, low-field, dead regions in SI GaAs devices 
and poor X-ray response. Some of the best X-ray spectroscopy data reported on 
bulk SI GaAs devices was for a 250 /im thick device which achieved a 3 % energy 
resolution [1 1 ].
Some progress was made with thick epitaxial GaAs material, which typically 
offered a much lower EL2 concentration than bulk wafers. Epitaxial growth could 
offer a source of highly-uniform GaAs material provided the impurity concentra­
tion remained low. Molecular Beam Epitaxy, although capable of producing high 
material quality, does not provide a realistic method of growing layers of suffi­
cient 100 fim) thickness. Various attem pts were made to grow thick .epitaxial
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GaAs layers using Liquid Phase Epitaxy (LPE), the most successful of which was 
reported by Alexiev and Butcher [1 2 ]. They developed devices fabricated from 
200 /iin thick epitaxial GaAs which showed a room temperature energy resolution 
of 4 % for 60 keV 7 -rays. However, despite a low EL2 concentration, LPE mate­
rial suffers from a relatively high impurity concentration which causes a shallow 
depletion thickness in these devices.
1.2.2 InP  radiation d etectors
The use of SI InP for radiation detectors is not as well established as SI GaAs, 
due to the limited availability of high quality compensated SI material, and the 
difficulty in forming a blocking contact onto InP. Consequently InP radiation 
detectors are operated as ohmic devices, with the bulk leakage current limited 
solely by the material resistivity. InP has a good X-ray photon detection efficiency 
per unit volume [13], due to the relatively high atomic nmnber, 49, of In (see figure 
1.1).
There are a number of growth techniques available for InP, of which Liquid 
Encapsulated Czochralski (LEC) growth 3.3.2 is the most common. Due to the 
lack of a native deep level defect in InP, SI InP is achieved by doping with Fe as an 
acceptor level to compensate residual shallow donors which are introduced during 
the growth process, typically S and Si. The Fe atoms substitute for In, and Fe^+ 
ions are formed once an electron is captured. The Fe atoms tha t do not undergo 
this process remain in the Fe^ "^  state. The effect of this compensation process is 
to reduce the free carrier concentration and increase the material resistivity (p > 
1 0 ® Dcm).
However a significant amount of the Fe present in the wafer is not electrically 
active and so Fe is normally added at a  relatively high concentration in order to 
fully compensate the shallow levels. Recently, Zhao et al. [?] have shown that 
the concentration of a hydrogen vacancy complex donor defect in as-grown LEC 
InP increases considerably when Fe is added, and so a concentration of Fe higher
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than tha t of the background dopants is required. In addition, the distribution 
coefficient of Fe, is much less than 1 ('^10“®), resulting in segregational 
problems and non-uniform axial doping profiles. Slices talcen at different parts 
of the ingot tend to exhibit different electrical properties and so produce non- 
reproducible wafers.
The distribution of Fe in LEC InP:Fe has been investigated using Near Infra- 
Red (NIR) absorption mapping [14]. There is found to be an inhomogeneous 
distribution of the activated Fe, whereas the residual shallow donor distribution 
was found to be relatively homogeneous. Photoluminescence maps have also been 
used to reveal electronic homogeneity distributions of InP:Fe wafers [15] [16] [17]
[18]. Circular growth striations are typically observed and measurements can 
provide direct evidence of the spatial uniformity of the non-radiative lifetime and 
the doping density.
In order to address some of these problems of doping concentration and single­
wafer uniformity, Fornari et al have developed a single-wafer doping process based 
on Fe diffusion at high temperature [3]. In this technique wafers of undoped InP 
are sliced from the crystal and then diffused with Fe from a surface coating. Under 
suitably controlled conditions this doping process, although not cost effective 
for large quantities, has been shown to give SI InPiFe wafers with good whole 
wafer homogeneity, low bulk Fe concentration, and good carrier mobility-lifetime 
products.
This material where the Fe concentration is 3 x 10^ ® cm"® has produced 
devices with the best reported radiation detection réponse for SI InPrFe to date. 
At 230 K the 250 /zm thick devices were able to detect 122 keV 7 -rays with a 
charge collection efficiency (COE) of 8 8  % and a FWHM energy resolution of 9 
% [19].
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1.2.3 T hesis outline
The theory of radiation interactions and the properties of GaAs and InP are 
discussed in chapter 2. Chapter 3 describes the experimental procedures used to 
characterise the materials and devices using a variety of optical techniques (eg. 
photoluminescence mapping and photo-induced current transient spectroscopy). 
Electrical characterisation was carried out using capacitance-voltage and current- 
voltage techniques, and the device response to radiation was characterised with 
alpha particle and gamma ray source.
The results obtained from these measurements are presented and discussed 
in chapters 4 and 5, divided into CaAs and InP data respectively. The overall 
conclusions from this work are presented in chapter 6 .
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Chapter 2
Theory
2.1 Introduction
This chapter presents an outline of the main aspects of semiconductor de­
tector physics and characterisation methods used in this project. The theory is 
split into three main sections, beginning with the key features of semiconductor 
physics tha t govern the behaviour of the GaAs and InP detectors studied in this 
work. A section describes the various electrical characterisation methods that are 
used, including a discussion of metal-semiconductor contacts. Thirdly, the op­
tical characterisation teclmiques of photoluminescence (PL) and photo-induced 
current transient spectroscopy (PICTS) are described.
2.2 Sem iconductor physics
This section describes the im portant semiconductor physics relevant to ra­
diation detectors, and is broadly split between the theory of bulk compound 
semiconductor properties and th a t of metal-semiconductor contacts.
18
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Figure 2 .1 : Simplified band diagram of a semiconductor.
2.2.1 Sem iconductor properties
A semiconductor is a crystalline material in which the band gap energy (Eg) 
between the top of the continuous energy valence band and the bottom  of the 
conduction band is typically in the range from 1 eV to 3 eV, (see figure 2 .1 ). The 
valence band represents the orbital electrons responsible for covalent bonding 
of the lattice structure, and the free electron energy of the semiconductor is 
depicted by the conduction band. Generally, the behaviour of the semiconductor 
is determined by the hole states close to the top of the valence band and the 
electron states at the bottom  of the conduction band.
There is no limiting value of Eg which determines the point where a semi­
conductor becomes an insulator, but a band gap of about Eg < 5 eV is usually 
the effective limit. In the case of an insulator, the band gap is such that at 
room temperature there exists no ionisation of carriers from the valence band 
into the conductance band, making insulators very high-resistivity materials. On 
the other hand, metals exhibit very low resistance due to the high concentration 
of free carriers from either the overlapping of the valence and conductance bands,
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or the partial filling of the valence band.
At absolute zero, the valence band is completely full and the conduction band 
empty. As the semiconductor is heated, electrons in the valence band acquire 
sufficient thermal energy to cross the band gap into the conduction band, ie. 
they become free electrons. A ’hole ’ is consequently left behind in the valence 
band, and has an effective mass m^. This ’particle’ is introduced to simplify the 
description of the properties of the valence band.
The intrinsic carrier density of a semiconductor can be defined in terms of the 
electron and hole densities n, p respectively (see for example Sze [1], Hook and 
Hall [2 ]), such that:
An. =  =  V N oN yexp  (2.1)
where k is the Boltzmann constant and rii the intrinsic carrier density (either 
electrons or holes) a t absolute tem perature T. N c  is the effective density of states 
of the conduction band, and N y  is the effective density of states of the valence 
band (see Appendix A). The following expression describes N q^
(2 .2)
where m/e is the free electron effective mass, T  is the absolute temperature 
in Kelvin, and Me is the number of equivalent minima in the conduction band.
The two densities of states N c  and N y  are proportional to the temperature to 
the power 1.5 (T®/^), hence the probability per unit time P{T) th a t an electron- 
hole pair is thermally generated at a tem perature T, is given by the Boltzman 
expression
F(T) =  CT^I'^exp ( ^ )  (2.3)
where C is a proportionality constant characteristic of the material.
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Donor and acceptor impurities
Doping of a semiconductor involves the introduction of an element or ion tha t 
either ’donates ’ an electron to the conduction band, or ’accepts ’ an electron so 
creating a ’hole’in the valence band. These impurities are usually simply termed 
’donors ’ which tend to form n-type material and ’acceptors ’ which tend to form 
p-type material, respectively.
The addition of an impurity in a semiconductor will result in the introduction 
of an impurity level within the band gap. Those giving rise to levels close to the 
bands are termed shallow impurities, and have levels which can be deduced to a 
good approximation by the hydrogen atom model [1]. The calculation of proper­
ties of deep impurities is somewhat more complicated and one possible method 
will be discussed in section 2.4.2 when describing the PICTS method. Experi­
mentally, a deep level activation energy may be deduced by electrical methods 
eg. from temperature dependent I-V plots, see section 2.3.1.
Relation between ionising energy and bandgap
There exists an approximately constant dependence between the radiation ion­
isation energy of a semiconductor, and the material’s band gap energy. This 
relationship was first proposed by Shockley [3], and takes into consideration the 
competitive processes of explicit losses of energy due to the creation of phonons. 
Based on Shockley’s work the ionisation energy per electron-hole pair of a semi­
conductor, or the ’IV-value’, can be described by the empirical expression:
W  = 2.2Eg +  T (2.4)
where r  is the average number of optical phonons emitted between impact 
ionisations, and E q is the band gap energy [4].
2.2.2 E lectron  and hole lifetim es o f sem iconductors
In general, two categories of charge carrier lifetimes in semiconducting ma-
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terials are defined; the generation lifetime Tg and the recombination lifetime 
Only the latter will be of concern, since 7/  best characterises bulk material of the 
type used for radiation detectors [5]. The recombination lifetime ly occurs when 
excess carriers, introduced by light or by a radiation interaction, decay towards 
their equilibrium value as a result of recombination.
There are a number of mechanisms by which electron hole pair recombination 
can take place, usually through traps or recombination centres. In general the 
recombination lifetime is determined by the following relationship:
Tr  ^ = A - \-B A n  + C { A n /
SRH  T  T  rad  T  Auger')
(2.5)
(2.6)
where A n  = n  — Uq is the excess carrier density, and tsrh , Rad) and TAuger are 
the partial lifetimes for Shockley-Reed-Hall, radiative, and Auger recombination, 
respectively.
•  #  _____
- r  E
phonons
o o o
A/V'®'* photon
o o o 9 o o
Figure 2 .2 : A scliematic of the main recombination mechanisms, (left) Shockley- 
Read Hall recombination, (centre) radiative recombination, (right) non-radiative 
Auger recombination [6 ].
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The three major possible recombination mechanisms will now be described.
Shockley-Read-Hall (SRH) recombination
C.B.
V.B.
(1) (2) (3) (4)
Figure 2.3; A simplified energy level scheme of Schockley-Read-Hall recombina­
tion, showing the appropriate electron transition in each case.
SRH involves electron hole pairs recombining non-radiatively via deep level 
impurities or traps, producing energy th a t is carried away by phonons. There 
are four basic processes th a t take part in recombination by trapping and are 
represented simplistically by the schematic figure 2.3.
Each process is described as follows;
1 . An electron in the conduction band is captured by a neutral unoccupied 
acceptor centre. The process has a capture cross-section an [c?n ]^, and 
capture rate Cn equal to an multiplied by the thermal velocity
^th
2. The electron is emitted to the conduction band from an occupied trap,
acting as a donor. The electron then has a characteristic emission rate 
r _ - H
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3. A hole is captured by the defect (capture cross-section cTp), (or, an electron 
is emitted into the valence band from an occupied donor centre)
4. A hole is emitted by the defect (emission rate e^i), (or, an electron is cap­
tured by an unoccupied acceptor centre from the valence band)
All these processes are governed by Fermi-Dirac statistics; Shockley and Read
[7] provide an analysis of the statistics of such recombination. A simple expression 
which relates the emission rate to the capture cross-section is as follows
Gn =  cTMhNc exp (2.7)
Of interest, the SRH lifetime, tsrh  ^ is independent of An, as a consequence 
of the lattice vibrations which dissipate the energy liberated during the recombi­
nation event. In the case tha t the excess minority carrier concentration is much 
less than the equilibrium majority carrier concentration, An <C po, tsrh  is given
by
Radiative recombination
During radiative recombination, electron hole pairs recombine and the energy 
emitted is carried away by a photon. It is this type of recombination tha t life­
time measurements performed by the time-dependent photoluminescence (PL) 
technique [6 ] probe. The PL method will be discussed in section 2.4.1 in further 
detail.
The radiative lifetime. Trad, can be seen to depend inversely on An since it 
involves a band to band process where both electrons and holes must be present.
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Auger recombination
This type of mechanism occurs at high energies and involves the energy emit­
ted by recombination being absorbed by a third particle (either a hole or an 
electron). Since three particles are involved, the Auger lifetime is proportional to 
the square of the carrier density. Auger recombination is prevalent at very high 
excess carrier concentrations and in heavily doped materials [4].
2.2.3 S tructural characteristics o f defects
Defects tha t may appear in semiconductor materials and bring distortion to 
the electron energy states of the host material, can be categorised according to 
their dimension in space.
Here we briefly review zero-dimensional defects or point defects as these are the 
most relevant when investigating transitions for photoluminescence and photo­
induced current transient spectroscopy.
Zero-dimensional defects
A wide range of point defects are possible in compound semiconductors. The 
main types are as follows:
1 . vacancies^ characterised by atoms missing from the regular lattice struc­
ture. The dangling bonds caused by the vacant atom then impart electrical 
properties to the defect.
2 . interstitials^ where an atom sits between two atoms of the host lattice. 
These are often impurities introduced during processing, and can include 
elements such as Cu, Fe and Au.
3. Frenkel defects or a vacancy-interstitial pair, commonly introduced by ra­
diation of high enough energy depending on the radiation resistance of the 
material.
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4. impurities^ usually introduced during the growth process.
5. substitutional defects, such as ’antisite defects’ which are often found in 
III-V compounds, e.g. Pjn in InP where the phosphorus atom occupies the 
position of an indium atom on the indium sublattice.
Defects produce energy levels in the bandgap, where the energy required to 
remove an electron from a defect to the conduction band (donor defect) or to 
remove an electron from the valence band to the defect state (acceptor defect) is 
termed the ionisâtion energy.
Some specific examples of deep defects th a t have a profound effect on the 
electrical properties of GaAs and InP include the EL2 level and Fe level, respec­
tively.
2.2 .4  M etal-sem iconductor contacts
The p-n junction is often used in detector devices to create a depletion (or 
space-charge) region which acts as the active volume of the detector. A good 
presentation of the theory of the p-n junction is given by Knoll [8 ] and Sze [1].
The assymetric nature of electrical conduction tha t exists when a semiconduc­
tor and a metal are brought together, the Schottky contact, has been established 
for over a century and has been manipulated in many semiconductor device ap­
plications. The use of a  metal-semiconductor Schottky contact is one of the most 
simple methods to fabricating a rectifying junction in a detector structure.
When the Schottky contact is reverse-biased a depletion region is created 
which produces a high E-field. This high field region provides the active part of 
the device where electron-hole pairs created by the radiation interactions drift 
towards the detector contacts.
Schottky barrier height
The energy diagram of an n-type semiconductor in contact with a metal at
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zero external bias is shown in figure 2.4, where the Fermi levels have been forced 
by thermodynamic considerations to coincide on both sides. Band-bending of the 
valence and conduction bands occurs as a consequence of the positive space charge 
th a t exists near the interface, and corresponds to the region where the electrons 
are swept out by the resulting electric field and the residual concentration is 
depleted. This is the case for an n-type material; for a p-type semiconductor it 
is the hole concentration tha t is depleted.
Vacuum level 
i .............. Ï
semiconductor conduction band VdO
Ec
E .
<l>h Eg
valence band ^
Figure 2.4: Schottky barrier between a metal and an n-type semiconductor in 
perfect contact at zero external bias.
Such band-bending resulting from the contact potential Vdo is equal to the 
difference between the metal and semiconductor work functions, (pm — 4>s, and it 
is this potential tha t gives rise to the barrier tha t prevents the subsequent free 
flow of carriers in the semiconductor. The barrier energy, as seen from the metal 
4>b, is calculated from the difference of the metal work function and the electron 
affinity of the semiconductor, (pm — Xsy or by the following equation;
4^ b — OYdO +  {Ep — E c) (2.9)
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VACUUM LEVEL
Figure 2.5: Equilibrium energy-baiid diagram of an n-type semiconductor with 
an ohmic contact, where {(pm <
where (Ep — Ec) is the energy difference between the Fermi level and the bottom  
of the conduction band away from the depletion region.
The effect of increasing the external reverse bias is tha t the depletion width 
increases, extending the active depth of the detector. However, beyond a certain 
voltage breakdown of the detector will occur.
Ohmic contacts
A number of III-V semiconductor devices make use of low resistance ohmic con­
tacts, for example LEDs, FETs and the Gunn diode [10]. Over many years studies 
have been performed to characterise the quality of ohmic contacts in many III- 
V semiconductor devices. The criterion for an ohmic contact, in the Schottky 
model, when in contact with an n-type semiconductor is that, cpm < (ps- Con­
versely, the requirement becomes <pm > (ps when the metal is in contact with 
p-type material (figure 2.5(b)). The ohmic contact can also be visualised as a
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Semiconductor Metals Methods
GaAs (n,p) Ag-In sequential evaporation of 25 % In and 75 % Ag and 
sintering at 500°C in H2 atmosphere
GaAs (p) Au-Zn Au-Zn alloyed in inert atmosphere
In-Zn In-Zn dot alloyed ohmic contact to semi- 
insulating GaAs
GaAs (n) Au-Ge-Ni Au (1 2  % Ge) and Ni successively evaporated and alloyed 
at 480°C for 30sec in H2 ambient
InP (n,p) Au Au or Pb plated gold wire alloyed by thermo-compression
InP(p) In alloyed in temp, range 300°C - 600*^0
InP (n) Au-Ge-Ni evaporated and alloyed at 500°C for 3 mins in H2
Au-Sn evaporated contact heat-treated at 430°C for 2  mins 
in Forming Gas
Table 2.1; Table of selected Ohmic contacts for GaAs and InP, found in the 
literature [9].
Schottky junction having sufficiently narrow energy bands to allow extensive tun­
neling [9]. The selection of a particular ohmic contact has usually been a trial and 
error process with respect to the many metals of similar workfunctions tha t are 
available. Some metals may have advantages over others - table 2 .1  shows some 
of the metals chosen as contacts for InP and GaAs, as well as a brief description 
of the contacting process.
CHAPTER 2. THEORY  30
2.3 Electrical characterisation of defect struc­
tures
2.3.1 Cur rent-volt age characteristics
Current-voltage (I-V) characterisation is used to assess the electrical performance 
of a device under bias, and can be apphed to detectors fabricated either as diode­
like devices (Schottky-ohmic contacts) or ohmic-like devices (ohmic-ohmic con­
tacts) .
In general, leakage current measured under reverse bias can be due to  one or 
more of the following mechanisms:
1 . For a Schottky contact, thermionic emission of the electrons over the metal- 
semiconductor barrier
2 . Quantum-mechanical tunneling of carriers through the contact, often the 
dominant mechanism for heavily doped ohmic contacts
3. Electron-hole pair generation in the space-charge region
The thermionic-emission theory gives an adequate description of the conduc­
tion mechanism, as described by process (1 ), of a metal-semiconductor Schottky 
contact with a high-mobility semiconductor such as GaAs or InP [10]. Since this 
process is the dominant source of leakage current for Schottky diodes with moder­
ately doped semiconductors, this will be the only process described. The expres­
sion describing thermionic-emission for an ideal Schottky contact on a moderately 
doped semiconductor in either forward or reverse bias (provided the correct signs 
are implemented) is as follows:
J =  (2.10)
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where J  is the current density, is the Schottky barrier height, and n is the 
ideality factor. The ideality factor describes the various phenomena th a t make 
the device non-ideal (ie. n 7  ^ 1 ), such as non-uniform barrier height across the 
contact area, or temperature effects. A** is the Richardson constant and is given 
by
(2.11)
where m* is the effective mass of the electron in the semiconductor, and all 
other symbols talce their usual meanings.
The first term  of equation 2.10, which includes the first exponential term, is 
the reverse bias saturation current density ’J^’ which can be w ritten
Js =  A**T^exp (2.12)
Consequently can be extracted from the intercept of a semi-logarithmic 
plot of current density J  versus applied bias R, since
In J  — (2.13)
Knowing Jg, and using equation 2 .1 2 , the Schottky barrier height (pB can be 
determined where
The above expression can only be used to  extract the barrier height when the 
series resistance of the semi-insulating material has negligible effect. For high 
series resistance the 'Norde plot’ can be implented [1 1 ].
Prom equation 2.10, and neglecting the weak temperature dependence of the 
A**T^ term, a semi-log plot of ln[Is]  vs ^  can also be used to  determine the 
contact barrier height in the device.
CHAPTER 2. THEORY  32
2.3.2 C apacitance-volt age characteristics
The capacitance of a parallel plate capacitor takes the form of equation 2.15, 
where is the relative dielectric constant of the material in question:
C =  (2.15)
For a pn junction which approximates a parallel plate capacitor, the depletion 
width d is given by,
where N a and N p  are the acceptor and donor concentrations, respectively, V i^ 
is the built-in voltage of the detector, and Vapp the external bias applied across 
the detector.
Using equations 2.15 and 2.16, and taking the special case of an abrupt p+n- 
junction where N a Afij, then the capacitance of the device is related to the 
applied bias voltage by
J _  _  — Voipp)
C^ eQErA^qNo
Differentiating equation 2.17 with respect to Vapp gives
(2.17)
it -  (2.18)
By applying equation 2.18 to the straight line plot of 1/C^ vs T4pp the donor 
concentration N p  can be extracted for the abrupt p+n junction. Following a 
similar approach, N a for an abrupt pn"*" junction can be obtained. This type of 
isothermal C-V plot is a useful method to measure the net free carrier concen­
tration in a detector material.
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2.4 Optical characterisation
The energy levels in a semiconductor can be effectively probed using a va­
riety of optical methods, including photoconductivity, absorption spectroscopy, 
photoluminescence and photo-induced current transient spectroscopy. In general 
these optical techniques probe the response of the sample after the excitation of 
carriers. Relaxation of the excess carriers at impurity atoms or complexes can 
give information on the purity of the material. In addition, the homogeneity 
of the sample can be tested by using mapping techniques with focussed optical 
beams. As an example, only a very pure material will experience excess carrier 
loss by creation of an exciton, an entity consisting of both an electron and a hole 
attracted to  each other by the coulomb interaction. In this case, the low impu­
rity level contributes an internal field which is not strong enough to dissociate 
the electron and hole.
In this section the main possible optical transitions for a direct semiconduc­
tor are reviewed. Readers requiring a more detailed interpretation can refer to 
Pankove [12].
2.4.1 P hoto lu m inescence
Photoluminescence (PL) is a non-destructive and contactless tool, extensively 
used for characterising III-V bulk crystals and epitaxial layers. Generally, PL has 
the ability to determine the band gap of semiconductors, the alloy compositidir, 
the quality of crystallinity, and the internal stresses of a lattice. The presence, 
type and concentration of impurities can also be measured. PL is also useful 
in characterising microstructures for properties such as surface and interface be­
haviour [13].
The ability to determine such properties is dependent on the temperature of 
the sample during the photoluminescence measurement. In some applications the 
bandgap energy of a sample may only be of interest and so room temperature PL
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will be sufficient. For PL spectroscopy, liquid He temperatures may be required 
in order to reduce the thermal broadening of the PL peak to a minimum.
A typical set-up for the room-temperature PL which was used in this work is 
discussed in section 4.1.1.
PL of bulk materials
When a valence electron of a direct band gap semiconductor absorbs a photon 
of energy Tlp >  Eg^ the electron is promoted across the forbidden bandgap leav­
ing behind a hole. Radiative recombination will then occur where the electron 
recombines with the hole from the conduction band to the valence band, to emit 
a photon. Figure 2.6 shows such a mechanism.
#  electron 
O hole
Incident Radiation Photon emission
e    e
Figure 2.6: Simplified diagram showing radiative emission.
The crystalline lattice in semiconductors supports characteristic normal vi­
bration modes whose dispersion relation can be deduced from classical solutions 
for the atomic equations of motion. Figure 2.7 shows the dispersion relation of a 
binary material such as InP, consisting of atoms of masses Mi and Mg. This sys­
tem  yields normal modes th a t are either optical [13], th a t is the atoms of opposite 
charge vibrate out of phase to give an oscillating dipole moment th a t couples to 
light; or acoustical in which the atoms have virtually no dipole moment and do 
not couple to photons.
Band-edge emission at room tem perature is characteristic of having one side 
of the peak emission broader than the other. The lower energy abrupt tailing is
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'Optical mode
Acoustical model
a
Figure 2.7: Dispersion relation, phonon frequency vs wavevector diagram, for a 
linear chain with alternating masses Mi and Mg.
marked by the band-tail states of the semiconductor, and is induced by localised 
defect states and bound excitons. The higher energy broad tail-off is mostly due 
to contributions from the continuum of states above the band gap [14].
Photoluminescence mapping involves scanning a laser over the sample, and 
is normally carried out at room temperature. Room temperature PL mapping 
measures the spatial variation of the band-edge emission intensity [15]. This 
technique is particularly useful in GaAs where surface recombination is a domi­
nant process, and so provides information about the homogeneity of the sample 
surface and a qualitative measure of the EL2.
The spatial resolution of this mapping technique is mainly determined by the 
focusing of the laser beam, which is given by [16]
FXd = T 2 2 ^ (2.19)
where d is the spot size of the beam, F  is the focal length, A is the wavelength 
of the laser beam, and D  is the diameter of the lens.
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Figure 2.8: Photoluminescence spectrum revealing impurity emission from a 
molecular beam epitaxy-grown GaAs at 1.7 K, excited at 514 nm (power density 
=  1 2  mW /cm^).
Low temperature PL spectra, such as the one shown in figure 2.8, can be used 
to establish the quality of epitaxial material. In the case of figure 2.8 the high 
quality of the GaAs is determined by the sharp neutral donor-bound excitons 
(D*^ , X) and the appearance of the free exciton (FE) lines. Other features present 
arise from neutral acceptor-bound exciton emissions (A°, X). At low temperature 
the intensity of the PL peak due to  EL2  decreases with decreasing As fraction, 
a behaviour consistent with th a t obtained by optical absorption measurements
[24].
Typical low tem perature PL spectra of InP:Fe can be seen in figure 2.9 [17]. 
A broad band at 1.10 eV is present in all the samples of InP:Fe at 2K, as shown 
in figure 2.9. The processes th a t gives rise to this band can be described by the 
recombination of either free electrons or the electrons bound loosely to  shallow 
donors with the holes trapped at the Fe-complex (Fe, X).
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A high spectral resolution enables the weak phonon lines at 1.135 eV (n—0), 
1.098 eV (n = l) and 1.062 eV (n= 2 ) to  be discerned, and are attributed to the 
no-, one-, and two- phonon bands, respectively. The mean separation energy of 
these peaks corresponds reasonably well with the energy of the transverse optical 
phonon of InP. The near-band edge PL is also shown in figure 2.9 at higher 
energies and has an intensity much stronger than tha t of the broad band.
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Figure 2.9: Photoluminescence spectrum at 2 K of InP doped with (a) a high 
concentration of Mn (5 x 1 0 ®^ cm“ ®) and (b)(c)(e)(f) Fe prepared by LEG. (b) 
represents PL taken for LPE undoped InP and (d) of VPE grown InP on an 
InP:Fe substrate [17].
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A proposed model for the observed recombination processes in InP'.Fe is shown 
in figure 2.10. Demberel [18] shows tha t the Fe centre gives rise to a broad 
peak by taking PL spectra of InP:Fe wafers of the same specifications but of 
increased Fe concentrations. This is explained by the large number of dispersed 
Fe atoms which form deep levels near the centre of the band gap, and increases 
the probability of non-radiative recombination.
Ec
O.OleV
L12eV y _ Fe3+ 0.64eV1.41eV 1.37eV
(Ee-Si) o  
0.28eV
Ev
Figure 2.10: Proposed model for empirical observation of the recombination pro­
cesses in InP:Fe [18].
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2.4.2 P hoto-ind uced  current transient spectroscopy
The detection of deep states can be realised by deep level transient spec­
troscopy (DLTS) and this is a commonly used technique applied to semiconduct­
ing materials. However, DLTS cannot be used for very high resistivity materials 
due to the very small observed change in capacitance in such devices. For semi- 
insulating materials the thermal emission properties of one or more defect levels 
can be characterised by performing photo-induced current transient spectroscopy 
(PICTS). This method uses optical photons with an energy greater than the 
bandgap to fill any electrical traps in the sample.
Assuming that a constant temperature is maintained when the incident light 
is abruptly switched off from the sample, carriers will be emitted from a partic­
ular trap with a characteristic time constant. In principal parameters such as 
the capture cross-section, or, of a carrier for a particular trapping level and the 
activation energy, E a  ^ can be deduced. However, it is a lot easier to extract a 
by DLTS rather than by PICTS, due to the optical calibration required with the 
latter technique.
To describe the PICTS method in a high resistivity bulk material, the simple 
case of a single trap level is assumed. A particularly good account of the PICTS 
theory has been presented by Osamu et al. [19].
Firstly, the kinetic equations for the stationary state under photoexcitation 
must be considered. The reader is directed to section 2.2.2 for a relevant outline 
of the processes involved. Once the photo-excitation ceases, the carrier concen­
trations in the semiconductor tend to  return to equilibrium. It does this via 
the processes of recombination^ ’r ’ and thermal generation ’g’ [20]. In the pho­
to excited state, the kinetic equations for the rate of electrons flowing into the 
conduction band dn/dt, and th a t of the rate of electrons captured dut/d t by a 
trap  centre of energy E^ are given by.
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~  9l — Cnt-'n,.(iVt — rit) — Cnri^r ~  ^r) — 0  (2 .2 0 )
— rit) — — 0  (2 .2 1 )
where the subscript r  denotes recombination and the subscript t tha t of trap 
centres. Cnt and Cnr are the capture coefficients for the trap  centres and recom­
bination centres, respectively; ql is the electron generation rate, Cnt the thermal 
emission rate of trapped electrons, n  ^ (n^) is the density of filled traps (recombi­
nation centres), and Nt {Nr) is the to tal trap  (recombination centre) density.
Taking the mean carrier lifetime =  {Cnr {Nr ~  '^r))”  ^ and the previous 
two equations 2 .2 0  and 2 .2 1 , the filled electron trap  density can be calculated as 
follows,
=  j v d  „  )  (2 .2 2 )\ C n t ‘9L''^n C-nt J
If multiple retrapping of the released electrons is ignored, the following equa­
tions represent the electron concentrations in the conduction band, and in the 
electron traps, respectively:
~J7 —   (2.23)at Tn
(2.24)
where Cnt is the overall emission rate of the trap  due to thermal and optical 
processes. Then, obtaining the solution of equation 2.24 and placing into equation 
2.23, gives
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—  H — ntQent-&^p{—^ntd) (2.25)at> Tfi
where rito is the initial trapped electron density when the photoexcitation is 
initially terminated. Assuming tha t Tn is a constant, and th a t «  t so that 
the first term in equation 2.25 is negligible compared to the second term, then
n  = nto.Tn^ent^exp{-entd) (2.26)
And so the equation for the photoinduced current transient z(t), immediately 
after the exciting light has been interrupted is
i{t) = Ko.nto-ent-exp{-entt) (2.27)
with
^0 =  A%(T).A(A).g.E.T»(T)
where p>n{T), is the electron mobility; T  the absolute temperature; A(A), the 
effective capture cross-section area; A, the wavelength of exciting light; E, the 
applied electric field; 7^(T), the lifetime of free electrons; and t, the time.
Two-Gate Sampling M ethod
The PICTS analysis requires extraction of the trap time constant r  (where 
T =  e~i) as a function of temperature, based on equation 2.27. Conventional 
analogue methods extract r  using a boxcar analyser. In digital PICTS the entire 
waveform is sampled and stored as a set of waveforms versus temperature. Offline 
software analysis is then possible so th a t only one temperature scan is required. 
There are other more computationally-complex methods of extracting r ,  but for
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Figure 2 .1 1 : Cinrent transient induced by a light pulse
the work carried out in this thesis, a digital boxcar algorithm was used, referred 
to as the digital two-gate sampling method.
Figure 2 .1 1  shows a current transient resulting from a light pulse, where t= 0  
is the point where the light is interrupted; and to is the start of the exponential 
portion of the decay transient. The excitation curve, AB, represents the filling 
of the traps; BC, the recombination of free photocarriers and CD depicts the 
thermally stimulated release of carriers from the trap. During analysis the PICTS 
current transient is fu'st normalised, /p(T), so tha t the tem perature dependence 
of p r  and the initial filling carrier density nto is eliminated.
The two-gate sampling method can be written in the form
4 M  =  (4 ^ 1  ) “  i{i2))/{Konto) = ent{exp{-entti) -  exp{~6ntt2)) (2.28)
where ti and (2 are the ’2-gate’ sampling times and (ti >  2^)* To help reduce 
the errors in determining the thermal emission properties for materials involving 
more than one trapping level, P = {ti/t2 ) should be kept constant, whilst the
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sampling times t i  and t 2 are varied [21]. For samples of negligible leakage current, 
equation 2.28 can be used for t 2 = oo and would be called the single-gate method. 
However, there usually exists a non-negligible leakage current, particularly at high 
temperature, and consequently the two-gate sampling method is preferred.
To obtain the maximum current in terms of the peak emission rate, Ip{T) is 
differentiated with respect to Cnt giving
=  (1 -  ti.entexp{-ti.ent) -  (1 -  t 2 .entexpi~t2 .ent) =  0 (2.29)aent
A connection is now possible between the peak emission rate Cntm and peak 
temperature T<m from a plot of 4 (T ) vs T, allowing the thermal emission rate to 
be deduced by the principle of detailed balance:
entm — ^ntm 
with
^ntm ~  ^nPn
■ A ENcCxp (2.30)
where is the capture cross section of an electron trap; %, is the thermal ve­
locity distribution of electrons averaged over the Maxwell-Boltzmann distribution 
curve, the mean speed P» =  {SkT/Trrrie)^^'^ of such a distribution; A:, Boltzmann’s 
constant; A E , the trap  activation energy and Nc is the effective density of states 
of the conduction band given by Ag. =  2  {2'irmfekT/h'^)^^^ and so
entm oc T ’^ exp (2.31)
Since many sets of peak values of T ^  and entm &re achieved by digital PICTS 
measurements, the activation energies E a , for various traps can be extracted by 
plotting logiT'^/ entm) versus l/T ^ , obtained by taking the logarithm of equation 
2.31. In a similar way, the trap  capture cross-sections can also, in principal, be
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measured, however this requires a careful optical calibration of the system using 
test samples of known trap  cross-section.
Furthermore, it has been shown both theoretically and experimentally tha t an 
alternative data processing method, known as the 4-gate method, gives a better 
spectral resolution and sensitivity [2 2 ]. Compared with the two-gate method, the 
four-gate method calculates the ratio
' 1^1
t 3 > t 2 > t i >  to and As > 9io
and so only the exponential factor of equation 2.28 including the emission rate 
and sampling times need to be considered in the analysis. If t i / t 2 =  2, 2^ / 4  =  3, 
to =  lOio and using equations 2.28 and equations 2.32, the four-gate PICTS signal 
should give a constant peak amplitude of 0.25. This is independent of sampling 
emission rates, and provided tha t the relaxation process has a well-defined time 
constant.
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Chapter 3
Properties o f radiation detectors
In this chapter we look at the primary mechanisms by which radiation interact 
with m atter, with a particular emphasis on photon interaction mechanisms in 
semiconductor radiation detectors. The first section briefly reviews the interac­
tion of charged particles with m atter, and is followed by a more detailed discus­
sion of the photon interaction mechanisms of photoelectric absorption, Compton 
scattering and pair production. The second section discusses the role of charge 
carrier transport and the generation of detector signals in semiconductor detec­
tors, including the role of carrier mobility and charge collection efficiency (CCE). 
Finally the charge transport properties and growth techniques for the GaAs and 
InP materials used in this work are presented.
3.1 R adiation interactions
An unstable nucleus will eventually decay into a nucleus with a more stable 
configuration. The way in wliich this decay occurs will depend upon the number 
of neutrons and protons in the nucleus. For instance, heavy unstable nuclei will 
decay by alpha emission, but if the nuclei are proton rich the decay mechanism 
is either via positron emission or electron capture. Conversely, nuclei tha t are 
neutron rich tend to decay by electron emission. All these decay modes result in
47
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a release of energy from the atom which can be generally referred to as radiation.
Radiation can generally talce the form of charged particles, electromagnetic 
photons, or neutrons, with each type exhibiting pronounced differences with re­
gards to their interaction with matter. We will confine the following discussion 
to only charged particle and photon interactions.
3.1.1 C harged-particle in teractions
Due to the nature of charged particles, their interaction with m atter in­
volves energy loss via the Coulomb force. Charged particle interactions can take 
place with electrons, and also with nuclei, and can even interact with the whole 
Coulomb field surrounding an atom.
The alpha particle comprises a single bound unit of two protons and two 
neutrons. This is essentially the nucleus of a helium atom, with an atomic mass 
of approximately 4 amu, and a kinetic energy typically in the range 4 - 9  MeV.
A partial a-decay scheme of a commonly used source for a-particle calibra­
tions, ^^^Np, is shown in figure 3.1 [1]. This source is suitable for
laboratory use, due to its 458 yr half-life.
Ideally, to measure the energy resolution value of a radiaton detector by a- 
particle spectroscopy, mono energetic a-particles are required. Since a-particles 
have a high specific energy loss, their range in m atter is very short (typically 
< 20 )Um). In particular, there is an energy spread or energy straggling of the 
a-particles in air before arrival at the detector. To avoid such energy loss, a- 
irradiation experiments are often performed under vacuum.
Energy deposition of charged-particles
The energy deposition of heavy charged particles such as a-particles is best 
described by the stopping power S, given by the well-known Bethe formula shown 
in equation 3.1. This equation considers only the collisional loss contribution and
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Figure 3.1: The partial decay scheme of  ^ ^^ "^ Np
showing the two major alpha particle transitions.
not the radiative losses th a t become significant for light particles (as found in beta 
decay) [1]:
 7-2u A (3.1)
The factor S  = — (dE/dx)  is the stopping power or the energy loss of charged 
particles in a particular absorber per unit path length, p is the density of the 
absorbing medium, r*e =  e^/moc^ is the classical electron radius, where mo is 
the rest mass of an electron, u=1.6606xl0“ ^^  g is the atomic mass unit, 7  ^ =  
1 / ( 1  — /?^), where u — /7c is the Bohr-orbit velocity of a K-Shell electron in the 
medium of atomic number Z, z i s  the electrical charge, and I  is the empirical 
mean excitation energy (a measure of the average possible energy transfer).
The stopping power and range of a charged particle can be visualised by the 
Bragg curve, figure 3.2, which plots the energy loss of the particle against distance
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of penetration. The ideal case, for a  single particle, shows how the energy loss of 
the particle increases as the particle’s energy decreases, before suddenly dropping 
as the particle’s energy reaches zero. The range of the particle clearly corresponds 
to the point at which the energy reaches zero. In GaAs, for.example, the range of 
a 5.49 MeV oi-particle is 20 fj,m. Also shown is the effect of energy straggling 
of a parallel beam of charged particles, where the average energy loss per particle 
is plotted.
Single particledE
\ Parallel beam
Distance of penetration
Figure 3.2: Bragg curve of both single charged particle and a parallel beam of 
particles [2].
3.1.2 E lectrom agnetic (X -ray and 7-ray) in teractions
Electromagnetic ionising radiation commonly exists as either gamma-rays or 
X-rays, both emitting discrete quanta of energy, or photons. Charged particles 
emit radiation by ionisation and excitation of the absorbing atoms, and this is 
also the interaction method by which they are detected. Photon interactions also 
excite the atom, producing photo electrons.
Photons may undergo three main competing interactions (via the photoelec­
tric effect, Compton scattering and pair production); the energy of a photon may 
be completely absorbed or scattered at an energy dependent on the scattering 
angle. Such interactions will be seen to depend on the energy of the incoming 
photon as well as the Z  number of the absorbing material.
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Coherent scattering or Rayleigh scattering may also occur, where the photon 
energy after an elastic scatter event is unchanged. However, this type of interac­
tion is not normally relevant to radiation detection, and so will not be discussed 
further.
The photoelectric effect
The photoelectric interaction is the predominant method of interaction which 
occurs at low photon energies, ie. 1-100 keV. First documented by Einstein to 
explain the anomaly of wave-particle duality [3], the photoelectric effect involves 
the emission of an inner shell electron of an absorbing atom by an incoming 
photon, which is subsequently re-absorbed in the detector material.
Ejection of the electron will occur if the incoming photon energy is higher 
than  the binding energy of the electron Ef,, where any excess energy will go into 
the kinetic energy of the electron Ee, or
Ee = E j  — Eb (3.2)
De-excitation of the ion then occurs by the filling of the empty electron state 
with an electron from an outer shell. Characteristic X-rays also are emitted with 
energies tha t depend on the electron orbitals involved in the transitions, and this 
process is often referred to as X-ray fluorescence.
Attenuation coefficients
The linear attenuation coefficient, denoted yLi, is defined as the probability per unit 
path length tha t the photon is removed from the beam after passing through a 
material of thickness æ, where
/  =  4 e - '“  =  (3.3)
CHAPTER 3. PROPERTIES OF RADIATION DETECTORS 52
  Photoelectric Scattering
 Compton Scattering
—'— Pair Production
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Figure 3.3: Calculated values for the mass attenuation coefficient of photons in 
InP [4], for photoelectric absorption, Compton scattering, and pair production.
where I  is the transm itted intensity and Iq is the initial photon intensity. 
This equation is often written in terms of mass attenuation coefficient, and 
the density p.
A plot of the mass attenuation coefficient of a material as a function of the 
photon energy displays the energies at which these chai'acteristic X-rays take place 
(figure 3.3) where the K  and L  absorption edges can be seen at low energies. The 
L  edge is at a lower energy than the K  edge due to the lower binding energy of 
the L  electrons. At energies just below the edges a sharp fall in p, is observed.
The probability tha t a photon will undergo photoelectric absorption can be 
expressed as a ’partial’ cross-section, r
T  o c (3.4)
where Z  is the atomic number of the material, and n  and m are empirical
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values within the range 3 and 5. Prom equation 3.4, a high electron density of an 
absorbing material thus favours the photoelectric effect, and is usually the most 
suitable method of interaction for X-ray detectors due to the complete absorption 
of photons.
Compton Scattering
This process will often take place at photon energies higher than those that 
dominate for photoelectric absorption. The scattering process involves the in­
coming photon interacting with an atomic electron.
Ee, Pe
Figure 3,4: Simple schematic of an electron undergoing Compton scattering.
An incoming photon of energy E^, will be scattered from an electron at a 
scattering angle 0, as shown in figure 3.4. The angle at which the photon is 
scattered will determine the energy of the scattered photon as well as the 
recoil electron energy Be [2 ].
By conservation of energy and momentum, the energy of the scattered photon 
can be expressed as:
where Planck’s relation has been applied and moc^ is the rest mass energy of 
the electron.
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Expressing equation 3.5 in terms of the detected recoil electron energy gives
hu (1  — cos9)
The different energies tha t exist in Compton scattering are referred to as the 
Compton continuum. At the extreme case where 0 =  0 , known as the grazing 
angle, almost all of the energy of the incoming photon is passed to the scattered 
photon and the electron receives almost zero energy.
This is in contrast to a 7 -ray photon experiencing a head on collision with 
an electron at 0  =  tt, where the electron acquires the highest possible energy, 
denoted by the Compton edge energy Ec.
The incident 7 -ray energy E^, is separated from the maximum recoil electron 
energy Ec by the following expression
" - " - d m
This separation energy, or Compton gap energy, tends to a constant value of 
256 keV as the incident photon energy increases [2].
Pair Production
This process dominates at high gamma-ray energies and involves the produc­
tion of an electron and positron pair. The mechanism is only energetically allowed 
if the incident photon energy exceeds the rest mass energy of both particles (1 .0 2  
MeV). In practice, this energy may still be too low for any significant pair pro­
duction to occur. Any surplus energy created by the electron-positron pair will 
go into the kinetic energy of the electron Ee- and the positron Ee+, such that;
Ee- +  Ee+ = hi> — 2moc^ (3.8)
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The electron and positron pair travel a maximum of a few millimetres before 
losing their kinetic energy to the absorbing medium. The positron then annihi­
lates with an atomic electron to  produce two back-to-back photons, each with 
an energy equal to the electron rest mass energy ie. 0.511 MeV. These photons 
will then further interact by the previously discussed mechanisms with the ab­
sorbing medium, provided the material is large enough th a t they do not escape. 
A case in which one annihilation photon has escaped the detector will result in 
the gamma-ray response exhibiting a single escape pealc at 511 keV below the 
photopeak. Where both annihilation photons escape then a peak at 1.02 MeV 
below the photopeak is produced, called the double escape peak (figure 3.5).
Escape Peaks Photopeak
Single
Double
Multiple Compton
events
Figure 3.5: Sketch of a typical photon spectra, showing the photopeak, single 
and double escape peaks.
3.2 Charge transport and signal generation
When a radiation interaction takes place in a semiconductor detector, electron- 
hole pairs are produced. The number of electron-hole pairs produced per inter-
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action depends on the incident energy and the material’s electron-hole pair cre­
ation energy, or W  value (see section 2 .2 .1 ). Indium Phosphide for example has a 
bandgap Eg of 1.35 eV (bP=4.2 eV/ehp) which is rather smaller than some com­
pound semiconductors tha t are commercially used as radiation detectors, such as 
GaAs and CdTe.
To detect the electron-hole pairs, whose concentration is directly proportional 
to the energy of the incident radiation, the charge carriers must drift across 
the detector in order to induce a signal at the detector contacts. This induced 
current signal is then integrated by a charge sensitive preamplifier. This is just 
one component of the required electronics system which will be discussed in more 
depth in chapter 4.
3.2.1 Charge collection  efficiency
To set out the theory of charge collection, the simplest detector geometry, the 
planar detector, is considered. This detector consists of a slab of semiconductor of 
thickness, d, between two appropriate contacts, allowing a voltage to  be applied 
between them.
The applied voltage produces an internal electric field across the detector 
thickness which causes charge to drift across the device. Ideally, the transit time 
for the charges to reach the contacts must be shorter than the carrier lifetime and 
this is generally achieved by applying a high voltage. The signal pulse produced 
is due to the induced charge produced due to the motion of the the charge carriers 
as they drift through the E-field.
The charge induced at the detector contacts is proportional to the distance 
travelled by the electrons and holes in the electric field. This general relationship 
is described by Ramo’s theorem [5] which states tha t a  charge moving a distance 
A x  in a detector of thickness d will induce a charge AQ  at the electrodes, such 
th a t
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At*AQ =  gAo—  (3.9)
where iVo, is the initial number of electron-hole pairs before any charge trap­
ping occurs. From equation 3.9 it can be seen th a t if the electrons and holes are 
fully swept to the contacts, then the to tal induced charge AQ  would be equal to 
qNo. This is the ideal case for 100 % charge collection in a detector with long 
carrier lifetimes.
However, since this seldom occurs for compound semiconductor materials, the 
effects of trapping must be taken into account. The ratio of the charge induced 
at the detector contacts Q, to the charge created by the radiation interaction 
Qo is called the the Charge Collection Efficiency (CCE). The Hecht relation [6 ] 
shown in equation 3.10, describes the charge collection efficiency in the presence 
of carrier traps, and for a uniform E-field:
where
^{efh) ~   ^ — MT(e//i) ^ 2  (3-H)
Qo is the initial charge at the point of interaction, x  is the location of the point 
of interaction where the electron-hole pairs are formed, taken from the irradiated 
cathode in this case (for a-particle spectroscopy, x  would be equal to the stopping 
range Rs of the particle in the detector medium), o;(e//i) is the carrier extraction 
factor of the electron or hole respectively, \ e / h )  is the mean carrier drift length, 
W  is the length over which the charge carriers drift and is equal to the thickness 
of the planar detector if the active region extends to both electrodes, and yiTf^ e/h) 
is the mobility-lifetime product of the electron or hole.
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Radiation detectors are almost always characterised by their CCE, which is 
fundamentally a measure of electron and hole mean drift length in the material. 
This is closely related to the electron and hole mobility-lifetime product (/^r(e//i)). 
The energy resolution of the detector is also strongly dependent on the CCE and 
degrades as the collection efficiency reduces.
When x /W  % 1 , which is the case when alpha particles are used to  irradiate 
’thick’ semiconductor detectors, equation 3.10 is simplified to give an expres­
sion where only one charge carrier becomes important. Using the case for alpha 
particle irradiation of the detector cathode, the expression becomes
C C E  = ^  = auQo V \(^h (3.12)
ah is simply exchanged for a'e for the case of alpha particle irradiation of the 
anode. This simplified Hecht equation 3.12 is used to calculate the mobility­
lifetime product of either electrons or holes, using alpha particle CCE values as 
a function of voltage, as shown in figure 3.6.
60
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Figure 3.6: CCE as a function of bias for three samples of InP of differently doped 
concentrations of iron, calculated from gamma ray source measurements [7].
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Trapping in its most general sense causes a depth-dependent CCE, ie. equa­
tion 3.10 shows tha t the CCE varies with the depth of the radiation interaction 
X, depending on cHg and ah- Figure 3.7 shows these variations depending on the 
electron and hole lifetimes, Tq and Th-
3.2.2 Carrier m obility
The CCE is related to the carrier drift mobility, through the relationship with 
carrier drift length, consequently, for a high CCE detector with minimal charge 
trapping, a material with high electron and hole drift mobility is desirable. The 
mobility is a property influenced by lattice and impurity scattering, the greater 
the scattering the lower the mobility. Lattice or phonon scattering hinders the 
movement of carriers through the crystal when thermal agitation of atoms be­
comes significant and lowers the mobility as the temperature is increased. At low 
temperatures impurity scattering becomes dominant as shown in figure 3 .8 .
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Figure 3.7: Relative position-dependent charge collection for cases in which the 
(to p ) electron and hole transport properties are identical and (b o tto m ) the 
electron extraction factor is always 1 0  times greater than tha t for holes [2 ].
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Figure 3.8: A plot of carrier mobility as a function of temperature.
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3.3 GaAs and InP radiation detectors
All outline is given of the properties of InP and GaAs obtained by different 
characterisation methods. A summary of the various techniques available to grow 
these III-V semiconductor compounds is also included, showing the present state 
of the growth industry.
Both InP and GaAs share some common physical properties, for example both 
are formed in a zincblende cubic structure, similar to the diamond type structure. 
In both GaAs and InP one face-centred cubic lattice consists of group III atoms, 
and the other fee lattice (shifted along one quarter of the diagonal of the whole 
cube), consists of group V atoms. However the semi-insulating properties of the 
two materials are achieved in different ways - in GaAs by compensation with a 
mid-bandgap native defect (EL2 ) whereas in InP by compensation with a deep 
acceptor level produced by intentional doping of the material with a transition 
metal such as Fe.
3.3.1 M aterial properties  
Gallium Arsenide
GaAs is a promising material for X-ray detection, primarily because its ab­
sorption for X-rays is almost an order of magnitude higher than Si in the 20-60 
keV energy range. It can also be conveniently used at room temperature due to 
its bandgap of 1.42 eV. GaAs has a relatively large density of 5.317 g/cm^ and a 
lattice constant a =  5.654 A.
GaAs exhibits a high electron mobility of at least 7000 cm^/Vs at relatively 
low E-field strengths. At high E-field strengths the electrons are excited from the 
direct conduction F-valley into into the lower mobility L-valleys (satellite valley) 
and experience a decrease in their drift velocity [8 ]. At E-field strengths of about 
3000 V/cm, the electrons obtain a maximum velocity of 2 x 10^ cm /s which then 
reduces to a saturated velocity of below 1 x 10  ^ cm/s above field strengths of 3
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X 10  ^ V /cm  (see figures 3.9 and 3.10). This reduction in mobility at higher field 
strength is otherwise known as the Gunn effect
As a function of temperature, the electron drift velocity increases as the tem­
perature is lowered at constant E-field, as shown in figure 3.10. Holes in GaAs 
exhibit a much lower mobility, with a typical value of only 400 cm^/Vs for electric 
field strengths up to 10 kV/cm  at room temperature (figure 3.11).
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Figure 3.9: Electron drift velocity in <100> and <111> directions as a function 
of electric field in GaAs at 300K. The lines merely act as a guide for the eye [9]
Bulk GaAs of suitable thickness for use as a radiation detector must be semi- 
insulating. The presence of the partially ionised intrinsic EL2 defect is responsible 
for producing semi-insulating GaAs due to pinning of the Fermi Level near the 
middle of the bandgap. This deep donor defect is speculated to  arise from arsenic 
antisites. One reason for this is th a t a higher atomic concentrations of arsenic 
in the GaAs melt produces a higher concentration of EL2. The EL2  level is 
partially ionised by compensation of shallow impurity acceptor levels, such as 
Zn and C, which are introduced into the material during the growth process. 
The compensation mechanism produces semi-insulating GaAs with a resistivity
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Figure 3.10: Electron drift velocity as a function of electric field in GaAs at 
different lattice temperatures [1 0 ]
of ~  10  ^ Qcm. Bulk GaAs has a much higher EL2 concentration than epitaxial 
material, and since the EL2  levels act as electron traps the carrier lifetime of bulk 
GaAs is typically much lower.
Indium Phosphide
InP is usually found in the n-type state [1 1 ], due to the presence of residual 
impurities tha t exist as a result of the growth process. These impurities typically 
form shallow donors which are predominantly ionised at room temperature, for 
example Si (which substitutes for In atoms) and S (which substitutes for P atoms).
When InP is used as a substrate it is usually doped with a transition metal 
such as Fe [1 2 ], Ti [13], Co [14] to achieve high resistivity. More recently Ruthe­
nium (Ru) [15] has been found to be a superior compensator of InP. However 
since Fe is readily available, and results in the highest resistivity, this is still the 
most common acceptor used for semi-insulating InP.
Using Hall effect measm'ements, Kim et al. [12] characterised the electrical
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Figure 3.11: Hole drift velocity as a  function of electric field in GaAs at several 
lattice temperatures [16]
properties of Liquid Encapsulated Czochralski (LEG- see section 3.3.2) grown SI 
InP doped with Fe. The resistivity, electron Hall mobility, Hall coefficient, and 
net carrier concentration at room tem perature were in the range, 2.1 - 4.6 x 10  ^
Dcm, 1700 - 3000 cm^/Vs, 5.5 - 14 x 10^° cm^/G, and 4.5 - 11  x 1 0  ^ cm~^, re­
spectively. From the measured Hall mobilities the neutral impurity concentration 
was estimated to be 0.9 - 2.6 x 10^ ® cm~^. The measured Hall mobility of the 
InP:Fe samples are found to be lower than  for conductive n-InP, due to impurity 
scattering from the Fe.
Kim et al. also show the discrepency between the resistivity distribution 
of a 2” diameter SI InPtFe wafer and th a t of a SI GaAs wafer. A V-shaped 
pattern exists for InP rather than  an M- or W-shape as observed for GaAs. The 
reason behind this is most probably due to  the radial thermal gradient present 
during the growth process. It is known tha t LEG crystals show a radial and axial 
inhomogeneity, where growth conditions such as growth rate, rotation rate of the 
crystal and crucible, and axial and radial temperature gradients combined with
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melt convection problems give rise to  such inhomogeneity.
Yamaguchi et al. [17] examined the radiation resistance of InP and concluded 
tha t InP devices, have superior radiation resistance to GaAs in terms of minority- 
carrier diffusion length. The high density and radiation hardness of InP also 
makes this material attractive for neutrino detection, due to the large Z of In, 
combined with a sufficiently wide-band gap. Lund et al. [18] use InP for this 
particular purpose by utilising the inverse beta decay of ^^^In. The detector was 
constructed of bulk Fe-doped InP, with two identical An contacts evaporated on 
opposite sides.
Carrier mobility of InP
The electron carrier transport of n-InP is illustrated by figures 3.12 (a) and 
(b). Figure 3.12 (a) shows the electron mobility as a function of E-field, which 
decreases until the saturation velocity of about 11  kV/cm is reached. This be­
haviour, which is similar to GaAs, is due to the free electrons moving from the 
central F-valley to the L-valley where they experiences lower mobility. Figure 
3.12 (b) shows the extrapolated low-held electron drift mobility for n-InP as a 
function of temperature in the range 70 - 400 K.
The data in figure 3.12 is expressed in terms of a compensation ratio 7  tha t 
represents the number of acceptor impurities to donor impurities Na/Nd,. For 
the case of SI InP the shallow donors are fully compensated by so tha t
the donor impurity concentration Nd is equal to [Fe‘^~^ ]. The remainder of the 
electrically active Fe in the material remains in the [Fe^+] state, and so the total 
acceptor concentration is equal to the total concentration of electrically active 
Fe, or [Fe^+] +  [Fe^+] [19]. Therefore the compensation ratio 7  in Sl-InP is given 
by ([Fe^+] -f [Fe^‘^ ])/[Fe^’^ ], assuming tha t no other compensating acceptors are 
present.
The corresponding data for hole drift velocity as a function of E-field is shown 
in figure 3.13. The saturation velocity of holes exists at a much higher E-field
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Figure 3.12: (a) Electron velocity vs field plot [7] and (b) extrapolated low-field 
electron drift mobility for InP [20].
than for electrons. At very low E-fields the hole mobility increases before it 
decreases to the saturation velocity as the E-field is increased [2 1 ].
The electron drift velocity in n-type (110) InP at 300 K is found by Windhorn 
et al. [2 2 ] to be 1 .2  times the velocity of GaAs at an E-field of 150 kV/cm, and 
increases to  1.34 times the velocity of GaAs when the field is lowered to  30 kV/cm. 
Consequently InP is a promising material for use as a radiation detector, and may 
provide better performance than  bulk GaAs.
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Figure 3.13: Calculated steady-state hole drift velocity in InP at room tempera­
ture [2 1 ].
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3.3.2 G rowth techniques
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Figure 3.14: Liquid Encapsulated Czochralski set-up
A number of different growth techniques exist for the production of bulk InP 
and GaAs. Some techniques such as synthesis by the solute diffusion (SSD) [23], 
produce material of good crystal quality, however the technique is far too expen­
sive for standard commercial use. The Liquid Encapsulated Czochralski (LEC) 
method was until recently the most common growth technique for bulk GaAs. It 
has now been replaced by the VGF method by most manufacturers. Figure 3.14 
shows a sketch of the apparatus involved in the LEC technique. This process 
overcomes the dissociation of the volatile As from the GaAs melt by encapsu­
lating the melt in inert boric oxide, and also by pressurising the chamber with 
a nonreactive gas such as nitrogen at ~60 atm. At approximately 820°C, com­
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pound synthesis begins to take place from the Ga and As elemental constituents. 
For an almost stoichiometric or slightly As-rich melt, a small amount of As is 
added to  compensate for any loss due to sublimation at high temperature. The 
chamber pressure is then lowered to ^ 2 0  atm  and crystal growth can be initiated 
from a GaAs melt heated to 1238°C by slowly pulling the crystal through the 
encapsulating layer [24].
In contrast to  being able to  grow GaAs directly by the LEC method, a two- 
step process is required to  grow InP due to the very high vapour pressure of 
phosphorus 200 - 300 atm  during synthesis a t about 1 0 0 0  - 1100°C). LEC 
was until recently the most popular method to grow single crystals of InP for 
commercially grown InP, on the basis of low cost [25]. The first step required is 
to  obtain InP in the polycrystalline form, unsuitable for final use, before it can 
be pulled by LEC into a single crystal.
Boat
r.f .Coll  Heater
O O O iAmpoule
O O O  r -
Tmax ^ 0 0 0  CTin
8 0 0 ° C
T p
5 0 0
Figure 3.15: Set-up for Horizontal Bridgman technique to grow poly crystalline 
InP.
Usually the Horizontal Bridgman (HB) technique is used to perform the first
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Figure 3.16: Set-up for vertical gradient freeze technique to grow GaAs crystal
[27].
step. The layout of the furnace is shown in figure 3.15 [26]. HB involves motion 
of the ampoule, containing high purity In melt of temperature about 800°C and 
red phosphorus of temperature about 500°C, which sublimes at Ts = 416°C. 
Phosphorus gas at a pressure of no lower than 27.5 atm  is also injected into 
the ampoule to compensate for the vapour pressure of the phosphorus produced 
during InP synthesis. It is this very high vapour pressure tha t prompts the 
requirement of another step.
The furnace is basically split into three zones. The indium melting zone 
and the synthesis zones sit in either a quartz boat or preferentially a pyrolytic 
boron nitride boat which significantly reduces Si impurities. The third zone is 
the phosphorus vapour control zone.
All zones are heated to the temperatures shown in figure 3.15 using a heater 
positioned as shown. The rate at which the ampoule is transfered plays a key 
role in the indium inclusions tha t arise in the InP. The ideal situation is where
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the ampoule transfer rate is slower than th a t of the precipitation rate, so tha t 
the indium melt is incorporated into the growth interface. The quality of the 
polycrystal is indicated by the carrier concentration of approximately 2  - 1 0  x 
10^  ^ cm~^ and a mobility of about 3 - 5  xlO^ cm^/Vs at 300 K.
The Vertical Gradient Freeze (VGF) technique is a more recent alternative 
growth technique for bulk InP and GaAs. In the case of InP, an enclosed crucible 
is used to  hold the In melt, and the growth starts with a seed placed a t the bottom  
(figure 3.16). The temperature gradient used in the VGF process is significantly 
lower than in the LEC process, allowing the growth of crystals with a relatively 
low dislocation density and high purity. The stoichiometry of the VGF crystal 
also tends to  be better controlled than  crystals grown using the LEC technique.
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3.3.3 R eview  o f d etector perform ance  
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Figure 3.17: IV plot of several SI LEG GaAs detectors at reverse bias [28]
Over recent years considerable efforts have been made to fabricate GaAs ra­
diation detectors from bulk semi-insulating GaAs, mainly through the work of 
the CERN RD - 8  collaboration. In figure 3.17, an I-V curve shows the difference 
between GaAs detectors realised on several substrates with A u /P t/T i Schottky 
contacts and different ohmic contacts made by different manufacturers [28]. These 
discrepancies should provide an appreciation of how using GaAs from different 
suppliers can make a difference to the actual detector performance. The 4 types 
of ohmic contacts used were as follows:
1 . RS -standard A u/G e/N i alloyed metallisation.
2. RI - implanted with Si"^  and annealed.
3. RA, and RB - surface treatm ents applied at room tem perature and differ in 
polishing, chemical etching, ion sputtering- these are two low temperature
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processes tha t claim to improve the breakdown performance at high reverse 
bias.
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Figure 3.18: RT CCE of electrons obtained using 5.48 MeV a-spectroscopy versus 
detector bias for several GaAs detectors with different contacts.
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Figure 3.19: RT CCE of holes obtained using 5.48 MeV a-spectroscopy versus 
detector bias for several GaAs detectors.
Figures 3.18 and 3.19 show CCE vs reverse bias for electrons and holes respec­
tively, for different GaAs wafers. The onset of the signal for a-particle irradiation 
of the ohmic contact is delayed until the bias reaches approximately 100 V. This
CHAPTER 3. PROPERTIES OF RADIATION DETECTORS  75
is because bulk GaAs has a non-uniform electric field distribution th a t produces 
a high field region close to  the front contact. The depth of this high field region 
extends towards the ohmic contact as a rate of approximately 1 /.im/V. The CCE 
in SI GaAs has been observed to be highly material specific, and correlated to the 
concentration of the ionised EL2'^ mid band-gap trap. Depending on material 
quality, alpha particle CCE values for detectors of 200 fim  thickness have been 
reported within the range of 30 % - 90 % [29] [30].
Studies have been made to develop epitaxial GaAs detectors, in order to 
overcome the problems associated with bulk GaAs devices, such as short car­
rier lifetime and non-uniform electric field distribution. Although bulk material 
provides the required thickness necessary for a high photon detection efficiency, 
the high concentration of EL2 reduces the carrier lifetimes and hence the charge 
collection efficiency. Conversely, epitaxial material exhibits a lower concentration 
of EL2  but is generally too thin to be used as an effective radiation detector. One 
possible method to achieve high purity thick epitaxial GaAs has been previously 
reported [31], using Chemical Vapour Phase Epitaxy (CVPE) where detectors 
up to 400 jj,m have been grown. The best published results from a single epi­
taxial GaAs detector produced from this material have shown a FWHM energy 
resolution of 650 eV at 59.5 keV.
In d iu m  p h o sp h id e
The few studies th a t have been carried out on semi-insulating InP detectors so 
far have been performed on bulk material of 100 - 400 /J,m. thickness. X-ray 
measurements on a prototype InPiFe detector with ohmic contacts have been 
made at -60^C [32]. The results indicated a weak photopeak due to relatively 
poor charge transport. For example at 5.9 keV a FWHM energy resolution of 
2.5 keV was observed, and at 8 8  keV a FWHM of 12 kev. The material could 
be improved by achieving minimal compensation and also by using rectifying 
contacts so th a t the devices can be operated at higher temperatures.
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Chapter 4
Experim ental m ethods
This chapter serves to describe in detail the experiments chosen to characterise 
GaAs and InP in this project.
4.1 O ptical characterisation
4.1.1 P hoto lu m inesen ce
A system for room tem perature PL mapping as shown in figure 4.1 was con­
structed to measure the homogeneity for InP and GaAs surfaces, thus giving an 
indication of the quality of the material.
A 25 mW, 633 nm HeNe laser excitation source is focused onto the sample 
using a bi-convex lens of focal length 8.2 cm. Using equation 2.19, the focused 
beam spot is estimated to have a width of 50 /im.
The PL light is focused onto a Digikrdm CMllQ 1/8 metre spectrometer, with 
the optical axis normal to the sample. A band-pass filter is placed after the laser 
to allow only light of wavelengths 633 ±  10 nm to pass. Any spurious lines from 
the laser are then removed from the experiment.
Once the laser beam hits the sample, PL light is emitted over a solid angle of 
477, by the mechanism described in section 2.4.1. The sample is held in place at the
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Figure 4.1: Experimental set-up for room temperature photoluminscence
front face of an XY stage, by suction of a vacuum pump. To collect the emitting 
photons, a photomultiplier tube with a GaAs photocathode of operating voltage 
-700 V is used. The signal output is fed to an EG&G 7220 lock-in amplifier, and 
the mechanical chopper used as part of the phase sensitive detection is set to a 
suitable frequency (eg. 463 Hz). A red blocking filter is also inserted just before 
the entrance slit of the spectrometer to attenuate the scattered laser light, while 
passing the desired longer wavelengths above approximately 640 nm.
To allow for PL mapping, the motorised stage is computer controlled and has 
a movement range of 50 mm x 50 mm. Control of the XY stage is carried out 
by a PC running a Labview program, which also collects the data from the lock- 
in amplifier. Such PL maps show the intensity of the PL at the peak emission 
wavelengths for band-edge emission.
The incident power density used for the room temperature measurements was 
1.27 X 10  ^ m W / cm^.
For low temperature measurements, the sample is mounted in an OXFORD He 
continuous flow cryostat. Since it is held stationary, mapping was not possible. 
In this way the fullest spectroscopic information possible can be obtained by 
reduction of thermally activated nonradiative recombination processes.
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4.1.2 P hoto-ind u ced  current transient spectroscopy
One of the determining factors in the eventual device performance of semi­
conductors is the presence of impurity and defect centres. Therefore, it is very 
useful to obtain detailed information about energetic and kinetic parameters of 
the materials in the materials tha t are studied. In the past the location of deep 
defect energy levels within high resistivity materials was measured using Ther­
mally Stimulated Current (TSC). More recently, this method has been replaced 
by the transient spectroscopy technique which allows greater sensitivity in the 
characterisation of deep traps.
Experimental Details
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Inner JacketOuter. 
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Generator
Current Amplifier Computer
Sample
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Figure 4.2: PICTS experimental set-up
As shown in figure 4.2, the sample under investigation is mounted on a ceramic 
holder at the end of a coldfinger of an Oxford Instruments (model no. 27090) 
liquid nitrogen optical cryostat. The cryostat is evacuated using both rotary and 
diffusion pumps so that a suitable pressure for cooling the sample and maintaining 
stable temperatures is accomplished. Cooling is achieved by directly pouring
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liquid nitrogen into the outer jacket of the cryostat, where an in-built heater 
placed in the cryostat ramps the tem perature up during the measurements. A 
voltage of 5 V is then applied across the sample to cause the carriers to drift 
so tha t the emitted carriers can be collected and the resulting current pulse is 
amplified by a high gain current amplifier (Femto HGA-4M-500k). Light from an 
infra-red laser diode (Power Technology, class II) operating at 840 nm is directed 
on the sample to excite the carriers. The laser is driven by a 15 V supply and is 
pulsed using a function generator in square waveform mode. The pulse repetition 
rate is set to 500 Hz.
The amplified photocurrent is then fed into a 12-bit ADC card to  a  computer, 
where the photocurrent pulse acquired at each temperature is stored and is then 
analysed off-line. See section 2.4.2 for details of the analysis.
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4.1 .3  Secondary Ion M ass Spectroscopy (SIM S)
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Figure 4,3: Simple schematic of SIMS experimental set-up
SIMS measurements on InP were made under sub-contract to this project at 
SIMSEuropa, on the smooth side of In P l and on both sides of the InP9 wafer. 
The basic outline of SIMS (as shown in figure 4.3) uses primary ions to sputter 
the sample under analysis, emitting secondary ions from the sample. Sputtering 
is simply a process whereby surface atoms are removed by collisions between 
the incoming particles and the atoms in the near surface layers of a solid. The 
ion species are then passed through an energy filter and a mass spectrometer, 
consisting of both an electrostatic and magnetic analyser. The m ass/ charge 
ratios of these ions are extracted and simultaneous detection of different elements 
is possible.
A SIMS doping density plot is then obtained by monitoring the secondary ion 
signal of a particular element as a function of time as sputtering proceeds. To 
manipulate a depth profile, the ’secondary ion signal’ is converted to ’impurity 
density’ through standards of known doping profiles. Time is converted into depth 
of the sample, assuming the rate of sputtering to be constant, by knowledge of
CHAPTER 4. EXPERIMENTAL METHODS 84
the initial and final times of sputtering and corresponding depth of the crater.
4.2 Spectroscopic radiation m easurem ents
A desirable indication of how well-suited a material is for use as a radiation 
detector can be provided by the charge collection efficiency (CCE), a  percentage 
th a t reveals the fraction of charge carriers collected (see section 3.2.1). Punda- 
mently, this variable is dependent on a number of parameters such as the field 
across the detector, the mobility and carrier lifetime.
Vacuum Chamber
Detectoi
Preamplifier Shaping
. Tennelec \ Amplifier
Ortec 570\ \  0.5us MCA
/
Puiser
Detector Bias 
Supply
Oscilloscope
Figure 4.4: Alpha spectroscopy system with Multichannel Analyser
At room temperature the spectroscopic performance of a detector is often 
limited by the presence of a high leakage current, and so for nuclear spectroscopic 
measurements the detecter is cooled. The spectroscopy set-up consists of an 
alpha-particle source of energy 5.48 MeV placed straight in front of the 
InP or GaAs sample inside a vacuum chamber as shown in figure 4.4. The sample 
is fixed to a piece of ceramic placed on the cold plate of a 3-stage Peltier heat 
pump. Chilled water is flowed through the rear hot plate in contact with the heat
CHAPTER 4. EXPERIM ENTAL METHODS 85
pump, to remove the heat produced. A one-stage peltier was used on InP l, before 
being switched for the 3-stage used for the other materials in order to achieve 
a lower temperature. A computer program controls the temperature of the cold 
plate by controlling the current through the heat pump, and also displays the 
temperature as a function of time of the two resistance thermometers placed on 
the cold and hot plates. This arrangement is shown in detail in figure 4.5.
A Wheatstone bridge circuit was used to convert the P t resistance to current 
and the linearity of the platinum temperature sensors was further improved by 
the use of a custom temperature linéariser module. Figure 4.6 shows a simplified 
representation of the measurement system.
je  ^eltiër
hot platecold sol in ution
chiller detectorlutionwarm sc out
resistance
thermometer^
computer
aluminisedplasticwindow
thermometer linéariser
Figure 4.5: Sketch of the vacuum chamber system
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Figure 4.6: Temperature measurement system
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Figure 4.7: Set-up to digitally acquire the preamp pulse rise-times and amplitudes 
radiation induced charge
4.3 Electrical m easurem ents
C ur rent-Volt age
Automated I-V plots were taken at various temperatures using a Keithley 487 
picoammeter. The leakage current as a function of bias increases and an I-V plot 
is useful in appreciating the level of noise during alpha particle spectroscopy. A 
detector of low leakage current at room temperature with a suitable bias across 
it allowing good charge collection, is an ideal case. Ohmic behaviour due to 
symmetric contacts is expected from the InP devices whereas diode-like behaviour 
is expected from the GaAs devices.
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Capacitance-Voltage
Capacitance-Voltage measurements were made using a Keithley 590 CV anal­
yser. The driving signal at 100 kHz was connected to the rear contact of the 
device, and the input signal from the device was connected to the front circu­
lar contact pad. For low tem perature measurements, the device is placed in 
the vacuum chamber containing the Peltier heat pump described in section 4.2. 
Capacitance-Voltage plots were talcen for the CaAs devices at several tempera­
tures for a voltage range 0-20 V in steps of -1-0.5 V and also in the range -0.8-(-f-2.0) 
V in steps of 4-0.2 V.
Chapter 5
G aAs R esults
5.1 Introduction
A primary motivation of this project was to  study the electrical properties of 
Vapour phase’ grown thick epitiaxial GaAs layers, to assess their suitability for 
use as a low energy photon detector for medical imaging applications.
For use as an X-ray detector the devices must show sensitivity to photons 
with energies between 10-100 keV, and so it is important th a t the detectors have 
a reverse-biased active thickness greater than 100-500 (xm. Consequently the 
net carrier concentration is of interest since this directly affects the development 
of the space charge region and thus the device depletion voltage. Spatial non­
uniformity in carrier lifetimes and in electric field distribution are also of interest, 
and the impact on carrier drift length and CCE.
D ata from a variety of electro-optical charaterisation measurements are pre­
sented in this chapter, plus pulse height measurements obtained using an alpha 
particle radioisotopic source. Optical methods such as photoluminescence map­
ping can be used to investigate the distribution and nature of radiative traps in 
detector materials, caused either by defects or impurities. It may also be possible 
to  correlate the distribution of radiative or non-radiative recombination centres 
with the charge transport properties of the material.
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To evaluate the depletion depths and impurity concentrations of the detec­
tors, capacitance-voltage measmements were talceii as a function of temperature. 
Other electrical measurements are also made to obtain the reverse-bias current 
density of the device and to measure the barrier height of the Schottky metal- 
semiconductor contact. Spectroscopic measurements were made using an alpha 
particle source to investigate the variation in charge drift length, and hence CCE, 
as a function of temperature, and to probe the depth of the space charge region 
in the devices.
5.1.1 Specifications o f th e  G aA s sam ples used
All the GaAs samples used in this project, excluding S36, have been fabricated 
from the thick vapour phase epitaxial CaAs material, supplied by Dr Bourgoin. 
These epitaxial layers are grown on n-type conducting substrates, which form a 
rear ohmic contact for the finished devices. Sample S36 was produced from a SI 
undoped CaAs wafer grown by the vertical gradient freeze technique, supplied 
by AXT Inc. This wafer was supplied ’epi ready’ with a double sided polish. No 
further polishing was carried out on the samples a t Surrey.
The vapour phase, or ’chemical reaction’ technique [1] [2], which was used to 
produce the majority of the CaAs material in this project features a reasonably 
high growth rate capable of producing thick epitaxial layers in a short time. For 
example 200-500 fxm thick wafers have been produced in an hour. The growth 
process involves the reaction of water and CaAs in the presence of H2 gas at a 
high temperature, a short distance away from the substrate. The volatile species, 
As2 and Ca2 0  are then quickly transported due to the internal pressure gradient, 
forming an epitaxial layer at the substrate. An outline of the mechanism is shown 
in figure 5.1.
The device fabrication of simple Schottky-ohmic detector structures was car­
ried out at Surrey. Initially a AuCe:Ni:Au layer of thickness 20:20:200 nm was 
evaporated under vacuum onto one side of the material through a mask, which
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Reaction of decomposition 
(GaAs + H2O)
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H2O
SUBSTRATE (temperature 0 < T)
Figure 5.1: Schematic of the chemical reaction technique [1].
formed a circular Schottky contact of 3 mm in diameter. Ti:Au (20:200 nm) was 
then evaporated across the entire surface of the n-type substrate wafer to form 
the ohmic contact. This was the process applied to the samples labelled ’S16’. 
The further batch of epitaxial GaAs devices was prepared by Dr Bourgoin at the 
Pierre et Marie Curie University, Paris using Au contacts, chemical etching and 
lift-off to produce p'^-i-n+ detectors. The p+ layer of 350 A was produced by ion 
implantation of Mg"*" ions and the n+ layer was formed from the substrate.
The rest of the chapter is now dedicated to the results obtained by the char­
acterisation methods outlined in the previous chapter.
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Sample Material
Summary
Device
Details
Thickness
89 epi Sl/n"^ substrate 
1.67 fxm/mln  growth rate 
(770 ppm impurity conc.)
200 fxm
S16 epi S l/n '’' substrate 
1.67 ixm/mill growth rate 
(110 ppm impurity conc. )
Au:Ge:Ni Schottky 
3 mm (j) contact 
Ti:Au ohmic contact
270
836 semi-insulating 
VGF grown
— 400 /.an
S15d4 epi SI/n+ substrate p+-i-n+ 270 jxm
S17d2 epi SI/n+ substrate p+-i-n'*’ 120 /.im
S 4dll epi SI/n+ substrate p+-i-n+
pixelated
120 fxm
S18d6 epi SI/n+ substrate p+-i-n+
pixelated
120 /xm
Table 5.1: Summary of the GaAs material and devices used in this study. All 
GaAs material was supplied by J. Bourgoin, with the exception of the VGF 
material from AXT. Growth rates and nominal impurity concentrations are listed 
for S9 and 816, as supplied by J. Bourgoin. The p-i-n contacts were fabricated 
in Paris, and the Schottky device was fabricated in Surrey.
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5.2 Photolum inescence
Room temperature PL mapping was used as a relatively fast and non-destructive 
technique to assess the uniformity of samples prior to device fabrication. Photolu­
minescence maps were taken at room tem perature for the epitaxial GaAs wafers, 
S9 and S16, and also for the 400 /im thick SI GaAs wafer, 836 (see table 5.1). 
Initially PL emission spectra were taken at the centres of each wafer as in figure
5.2 and a peak wavelength of 876 nm was measured for both 89 and 816, corre­
sponding to a band gap energy of 1.42 eV. The PL intensity of 89 was smaller 
than th a t of S16 under the same conditions, which may be partly explained by 
the higher overall impurity concentration in sample 89. These impurity concen­
trations for 89 and 816 were obtained by Dr Bourgoin, and were not directly 
verified at Surrey. However it should be noted that the short penetration depth 
of the HeNe laser in GaAs of about 230 nm and likelihood of different surface 
polishing, prevents a quantitative comparison of the PL intensities between the 
two wafers.
The shape of the peaks are as described in section 2.4.1 where a broad tail is 
observed at the higher end of the energy scale.
A PL intensity map corresponding to 89 is shown in figure 5.4, which plots the 
PL intensity measured at the near-bandedge emission pealc of 876 nm. Each map 
shows an area of approximately 1 inch by 1 inch. The intensity scales for this and 
the following PL maps have been set to  a range of two orders of magnitude so 
th a t a comparison can be made between the images. For a  detailed comparison of 
the homogeneity between the wafers, PL intensity line scans are presented below 
the PL maps, extracted in a direction parallel to  the X-axis. The location of line 
scan on each 2D image is indicated by the horizontal cross-hair.
Figure 5.4 of 89 together with the PL map of 816, figure 5.5, show good
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Figure 5.2: Room temperature PL emission of epitaxial GaAs wafers S16 and S9, 
peak at 876 nm.
uniformity over short length scales (eg. over 1-10 millimetre scales), consistent 
with a uniform impurity distribution in this material. The high intensity (shown 
red in the intensity map) outermost ring observed at the edge of the wafer is due 
to a combination of luminescence and reflection from the edges of the substrate 
material.
The PL data obtained from the SI VGF material shows a contrasting be­
haviour to the epitaxial GaAs, as shown in figure 5.6. The PL map from the SI 
material reveals a poor local uniformity with a distinctive struture in the intensity 
map which includes radial lines towards the edge of the wafer. This variation in 
PL intensity has been reported by other authors, and is ascribed to variations in 
the distribution of the EL2 native defect in bulk material, where the PL intensity 
is anticorrelated with EL2 concentration [3]. The structure of defects are dis-
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Figure 5.3: Room tem perature PL emission of semi-insulating GaAs 836.
tributed such tha t lower concentrations are more likely to be found at the centre 
of the wafer. Electrical measurements of detector structures fabricated from SI 
GaAs wafers have suggested tha t the non-uniform EL2 concentration correlates 
to regions of low resistivity, and high leakage current [4]. Such phenomena signif­
icantly degrades the performance of pixellated radiation sensors fabricated from 
this type of material.
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Figure 5.4: A room temperature PL map of S9 (upper) and PL line scan (lower)
of the wafer along the X-axis, as indicated by the cursor on the map. The image
size is approximately 1 inch x 1 inch.
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Figure 5.5: A room temperature PL map of GaAs S16 (upper) and corresponding
PL line scan (lower) along an arbitrary line of the wafer depicted by the cursor.
The image size is approximately 1 inch x 1 inch.
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Figure 5.6: A room temperature PL map of semi-insulating GaAs S36 and PL
line scan of the wafer along the x-axis as indicated by the cursor on the map.
The image size is approximately 1 inch x 1 inch
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5.3 Electrical results
This section presents the electrical measurements tha t were carried out on a 
range of epitaxial samples including S16 (Schottky pad contacts), S15 and S17 
(p-i-n pad contacts), and S4, S18 (p-i-n pixellated contacts), as summarised in 
table 5.1. Room temperature current-voltage (I-V) measurements were made 
to investigate the diode-like performance of the metal-semiconductor contacts, 
and to ineasme the bulk reverse-bias leakage current of the devices. A detailed 
comparisons of reverse-biased current between the various samples was limited 
by the different contact geometries, e.g. devices fabricated from wafer 816 were 
circular pads without guard ring, whereas devices from 84 and 818 were pixellated 
structures. For the 8chottky device, the barrier height was measured from the 
reverse-bias saturated lealcage current.
Capacitance-voltage (C-V) measurements were also performed to measure the 
net impurity concentration over the temperature range of 4-22°C to  -52°C, and 
hence the expected variation in the depth of the space charge region as a function 
of temperature. One of the key questions for this thick epitaxial material is 
whether the impurity concentration at room temperature is sufficiently low to 
produce a space charge region of reasonable thickness.
5.3.1 R oom  tem perature IV
An I-V plot taken with a  voltage range extending to the applied biases ex­
pected for low energy photon detector operation is shown in figure 5.7 for 816. At 
a reverse bias of -60 V a leakage current density of 2.5 x 10”*^ A / cm^ is observed, 
which is reasonable for spectroscopy measurements. Reasonable diode behaviour 
is observed, with an increase in the reverse bias current of an order of magnitude 
from -25 V to -200 V. Beyond this point rapid breakdown is observed. However, 
since the device has no guard ring nor any surface passivation, this behaviour 
may be partly due to  surface leakage effects.
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Figure 5.7: I-V plot of S16 at room temperature.
Similar room tem perature I-V data for sample S17d2 is shown in figure 5.8. 
At room temperature, sample S17d2 exhibits a lower leakage current density 
than  S16, with a value at -60 V of 4.9 x 10~^ A / cm^. Also shown in figure 5.8 
are data acquired at temperatures of 7®C and -9°C. Reducing the temperature 
significantly improves the current density, reaching as low a s 2 . 0 x l 0 ~ ^ ° A /  cm^ 
at -60 V at a tem perature of -9*^ C.
The pixellated detectors, S 4d ll (figure 5.9) and S18d6 (figure 5.10), show 
signicantly different leakage current densities but also show good diode behaviour. 
Comparison between S 4 d ll and S18d6 shows some significant differences, which 
are most likely due to differences in the fabrication of the pixellated contact 
structures. Device S 4d ll shows a high reverse bias lealcage current density of 
2.8 X 10“  ^ A / cm^ at -60 V at room temperature, which is too large for use as 
a device. On cooling the reverse bias current density dropped, reaching 2 x 10“ ^
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A / cm^ at -60 V at a tem perature of -51 °C.
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Figure 5.8: I-V plot of S17d2 at various temperatures.
In contrast device Sl8d6 shows good apparent rectifying performance but 
with even large reverse bias current densities, e.g. 1.4 x 10“  ^ A / cm^ at -60 V 
at room temperature. At temperatures below -20 the shape of the I-V curve 
in reverse bias shows an unexplained region of increasing current. Overall the 
I-V data obtained from the pixellated samples was signicantly inferior to that 
from the pad devices, e.g. approximately six order of magnitude worse in Sl8d6 
compared to S17d2, and this is tentatively attributed to either a poorly-controlled 
fabrication process used to make the pixellated contact structures in Paris or to 
damage caused by the bonding wire.
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Figure 5.9: I-V plot of S 4d ll at various temperatures (upper), with a magnified 
image (lower) of the regular 150 / i m  x 150 //m pixel electrodes.
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Figure 5.10: log I-V plot of Sl8d6 at various temperatures (upper) and a mag­
nified image (lower) of the S18 pixels, also showing the conducting wire bonded 
onto the pixel of interest.
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Figure 5.11: Current density taken at 60 V for samples S18d6, S 4d ll and S17d2, 
as a function of temperature.
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A summary of the temperature dependent leakage current densities is shown in 
figure 5.11. For device testing purposes, only the pad detector samples S16, S4d ll 
and Sl7d2 show useful reverse bias laekage currents. No further measurements 
were made on the pixellated detector structures.
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D e te rm in a tio n  o f th e  ac tiv a tio n  en erg y
Using the IV data from 818 acquired at various temperatures (figure 5.10), a 
plot of In J against 1/ T  was constructed, using the reverse bias current density 
at -80V. The resulting Arrhenius plot is shown in figure 5.12, from which an 
activation energy of 0.34 eV was calculated. This confirms th a t the reverse-bias 
leakage current is controlled by a thermally activated deep trap. However, it was 
not possible from this measurement alone to determine whether the source of the 
current was from the surface or from the material bulk.
S18at80V
Fit for 80V: 
c = 9.09 
m = -3954.0 
r*=0.98
E„ = 0.34 eV!
I3
c
-10
0.0032 0.0034 0.0036 0.0038 0.0040 0.0042 0.0044 0.0046
1/T(K •■')
Figure 5.12; Arrhenius plot of 818 at 80V
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5.3.2 D eterm ination  o f th e  Schottky barrier height
By taking I-V measurements at low forward bias, as shown in figure 5.13, the 
Schottky barrier height of the detector can be extracted. Prom equation 2 .1 0 , a 
Inl versus V plot gives an ideality factor n =  1.26 and a barrier height of 0.83 eV 
for the 11+ epitaxially grown material 816, demonstrating good Schottky contacts.
1e+1 -
1e+0 -
m=l 3.472 
c=-3.38761e-1
1e-2  -
1e-3 -
le-4 - 
300 -
0.3
250 -
150
100  -
5 0 ----- —  -j— —
-50
- 1.0 - 0.6 -0.4 - 0.2 0.0 0.2 0.4
Applied Voltage (V)
Figure 5.13: Low bias IV plot of S16 at room temperature
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Sample J {A/Clip) I(juA) p {Q cm) (eV) n
S16 2.5x10-^ 0.18 1.37x10^ ( -  0-40 V) 
9.52x10® ( -  140-160 V)
0.83 1.26
S17d2 4.9x10-® 7.10x10-® 1.29x10® - -
S 4d ll 2 .8 x1 0 "® 0.63 1.42x10® - -
S18d6 1.4x10-2 3.15 3.71x10^
(before reaching saturation)
- -
Table 5.2: Summary of some of the electrical properties investigated in this sec­
tion. The room temperature leakage currents and current densities are quoted 
for a reverse bias of -60 V, for comparison.
Table 5.2 summarises the reverse bias leakage current density, resitivity and 
barrier height measurements obtained from the various GaAs detectors studied.
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5.3.3 C apacitance-volt age m easurem ents
Capacitance-voltage (C-V) plots were acquired over a range of temperatures 
for sample 816, as summarised in figure 5.14. The aim of the measurements was to 
measure the impurity concentration in the epitaxial material, and to investigate 
the width of the depletion region as a function of applied bias and temperature 
(see equation 2.18). Of particular interest was the comparison of the depletion 
thickness with the range of a 5.48 MeV a-particle, which was calculated to be ^  
18 fim  using the code TRIM [6 ].
250
22°C
10°C
-2°C
-11 .5PC
-21.3°C
-37°C
-41.£PC
-52®C
200  -
LLQ. 150-
8I
Q. 100 -o
50 -
0 2 4 6 8 10 12 14 16 18 20
Voltage Applied (V)
Figure 5.14: Capacitance-Voltage plots at various temperatures for sample 816. 
When re-plotted in the form of 1/ C^ this data shows excellent linearity across
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the full measured temperature range, as shown in figure 5.15. The gradient of 
the best-fit lines for the 1 /  data are used to extract the net concentration of 
the ionised dopants in the material, as a function of temperature. The ionised 
dopant concentration varies from approximately 1 x 1 0 '^^  cm~^ at room temper­
ature, to approximately 4 x 1 0 ^^  cm~^ at -50°C. By applying the parallel plate 
capacitor equation, these data were used to  deduce the width of the space charge 
region in the device as a function of reverse bias voltage and temperature, as 
shown in figure 5.16. W ith an applied voltage of 20 V across the detector, it is 
not until the sample is cooled to about -50®C, tha t the depletion region coincides 
with the calculated penetration depth of 5.49 MeV CK-particles. Thus, at room 
temperature, a significant fraction of the alpha particle’s range will be into the 
non-depleted region of the device where the electric field strength will be negligi­
ble. Consequently good spectroscopic performance of these devices for a-particle 
detection at room temperature is not expected.
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Figure 5.15: 1/C^ vs V plot of 816 at various temperatures, extracted from the 
data of figure 5.14.
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Figure 5.16: Depletion width profile of S16 as a function of bias at various temper­
atures, extracted from the C-V data using the parallel plate capacitor equation.
CHAPTERS. GAAS RESULTS 112
3.5e+20
3.0e+20 -
2.5e+20 -
2.0e+20 -
T- 1.5e+20 -
1 .Oe+20 -
5.0e+19 -
0.0
-4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24
VoItage(V)
Figure 5.17: 1 /  vs V plot of 816 at room temperature
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A magnified version of the room temperature 1 /  vs V data for S16 is 
shown in figure 5.17, which is part of the same data from figure 5.15. The data 
shows a slight curve as a functon of increasing bias, and the figure presents three 
gradient values, extracted at bias voltages of 3 V, 8  V, and 14 V. The measured 
graidents change by ^10 % over the voltage range 0-20 V. If the gradient at lower 
bias (green line) is used, equal to 1.77 xlO^® 1/VF^, then the calculated residual 
doping Concentration from equation 2.18, Hd is calculated to be 1.3 x 10^“^ cm“ .^
Temperature sample N£>(cm“ )^
2 2 °C 816 1.28x1014
-50°C 816 3.73x101^
Table 5.3: Table summarising the residual doping concentrations measured in 
sample S16 at two different temperatures.
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5.4 Photo-induced current transient spectroscopy
Photo-induced current transient spectroscopy (PICTS) measurements were 
carried out on device S16 in an attem pt to identify the activiation energies of 
the dominant traps in the material. It was of particular interest to see if a trap 
signature corresponding to EL2 could be observed for this material. Figure 5.18 
shows some typical current transients observed from 816 in the temperature range 
80-360 K, with an applied voltage of 4.6 V. The digital PICT8  method tha t was 
used captures the entire waveform of each pulse and stores the pulses as an event 
file. The analysis section of the PICT8  software then performs an off-line analysis 
of the transients in the event file, which allows multiple passes of the data after 
the acquisition has been completed.
Each transient was captured with 12000 data points and with a sample in­
terval time of 5 f.LS. The pulse was sampled with 19 bit resolution, so tha t the 
signal/noise of the transients was not limited by the digitiser resolution. The 
sample heater was set to a low ramp rate of 0.05 K /s to allow a suitable time for 
the sample to reach thermal equilibrium between each temperature point.
Unfortunately the current transients recorded from the device do not show 
the expected exponential decay when the stimulating light is switched off. An 
exponential decay of the current transient is expected if a single trap  is thermally 
emitting at the given temperature. More complex pulse shapes involving two or 
more exponential shapes can be produced if several traps emit simultaneously at 
a particular temperature. Further complications can arise if the thermal emission 
of carriers from the traps is small compared to  recombination effects or if there is 
significant re-trapping of carriers and carrier exchange between different levels [7]
[8 ]. The transients shown in figure 5.18, which are plotted on a semilogarithmic 
scale, do not show exponential behaviour. Instead, for all the temperature ranges, 
the pulses show a long-lived component over a timescale of tens of milliseconds.
Despite the poor shape of the recorded transients, a PICT8  analysis was car-
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Figure 5.18: PICTS current transients from 816 captured over a 40 ms time 
window, at several temperatures.
ried out in an attem pt to extract an Arrhenius plot for the active traps in the 
sample. A two gate digital boxcar algorithm was applied to produce a set of 
PICTS spectra for a set of time constants from 216 - 1730 jUS, as shown in figure
5.19. The short time constant spectra, related to the inital decay of the tran­
sients, tend to provide the strongest PICTS signals. As the Tref value increases, 
the PICTS signal strength drops and the peak positions tend to shift to lower 
temperatures.
Three peaks are revealed from the results, labelled as D l, D2 and D3 in figure
5.19. Peak D l is extremely weak and no Arrhenius analysis was applied to  the
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Figure 5.19: PICTS spectra of S16. The values in the legend indicate the corre­
sponding predetermined time constants.
level. Peak D2  was the strongest peak observed from the sample and has a shift 
to lower temperature with increasing time constant as expected from theory. 
Unfortunately peak D3, which is emitting over a temperature range consistent 
with a  deep level, is relatively weak and poorly resolved.
An Arrhenius analysis was carried out for peaks D2  and D3 and this produced 
the two trap signatures shown in figure 5.20. The activation energies for D2 and 
D3, deduced from the gradients of the figure, are 0.57 eV and 0.79 eV respectively. 
However the quality of the linear regression lines for these two data sets is poor, 
and strongly influenced by the choice of data points included within the fit. 
Consequently the experimental error on the measured activation energies is very 
large, i.e. greater than T/-0.1 eV.
In conclusion, therefore, the PICTS data does not appear to  be reliable, and is
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not consistent with similar measurements obtained from GaAs using DLTS which 
are well documented in the literature (see for example figure 5.21). The most 
likely explanation for this is tha t the detector contacts for device 816, which were 
a nominal 50 nm thickness, were too thick to  allow sufficient transmission of the 
laser light into the GaAs, Semi-transparent optical contacts are often fabricated 
with 1-5 nm of gold, and it is possible tha t the contacts used in 816 were too thick 
to allow transmission of the laser light into the GaAs. At the time no independent 
measurement was made of the contact thickness to  verify the nominal value. The 
observed current transients may have been due to photocurrents generated from 
the metal contact rather than from GaAs bulk.
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Figure 5.20: Arrhenius plot of 816, using the double-gate method
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Figure 5.21: PICTS spectrum taken from the literature [9] of LEG SI GaAs for 
both positive (a) and negative (b) bias.
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5.5 Charge collection m easurem ents
Alpha particle spectroscopy is useful in probing a number of material prop­
erties, and this technique has been adopted in this project to extract the charge 
collection efficiency (CCE) of carriers which gives a basic indication of the car­
rier transport properties of the devices. In principal, CCE measurements can be 
used to extract electron and hole mobility-lifetime {fir) products using the Hecht 
equation, as discussed in chapter 4. However this technique relies on the assump­
tion tha t the electric field distribution in the device is constant as a function of 
depth. This is not the case in these devices, and hence it was not possible to 
extract (/xr) values.
5.5.1 a-particle spectroscopy
Figure 5.22, shows the a-peak channel number versus reverse bias for device 
816 which was acquired using the conventional analogue spectroscopic system 
described in section 4.2. The shaping time was set to 0.5 /zs, which is the usual 
setting for semiconductor detectors of similar dimensions.
In this device where the alpha particles are directed towards the cathode (the 
reverse bias Schottky contact), most of the charge tha t is collected is due to the 
electrons which drift away from the Schottky contact and towards the n-type 
conducting substrate. In general our analogue electronics was only sensitive to 
prompt electron transport in the space charge region, due to the 0.5 /J,s shaping 
time used in the amplifier.
Alpha-particle spectroscopy was also performed as a function of temperature, 
with pulse height spectra acquired at 2 2 °C, -31°C, and -54°C. These spectra are 
shown in figure 5.23, acquired with an applied bias of 80 V.
At -54°C the spectrum shows a well resolved full energy alpha particle peak 
with a centroid position corresponding to an energy of 4.3 MeV, or 78 % CCE. The 
narrow width of the peak is consistent with all the electron hole pairs produced
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Figure 5.22: S16 a-particle peak channel number as a function of reverse bias 
voltage, for various temperatures. The alpha particles irradiated the Schottky 
contact, and the resulting signal is mainly due to electron transport. The shaping 
time of the specroscopy amplified was r=0.5;us
by the alpha particles being created within the space charge region. This is to 
be expected from the previous temperature dependent C-V data which showed a 
space charge region width at this temperature of approximately 20 Since all 
the charge carriers are created within the space charge region, they drift under the 
influence of the electric field and induce a current signal at the detector contacts 
which has a time structure faster than  the 0,5 us amplifier shaping time.
Increasing the temperature to -31^0 reduces the depth of the space charge 
region, and produces a degradation in the alpha particle peak width due to a 
small proportion of the electron hole pairs being created outside of the depletion
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Figure 5.23: S16 a-particle spectra taken with an applied bias of 80 V at several 
temperatures, GAIN =  10, r  =  0.5 /.is
region. Carriers produced in this region will diffuse or drift very slowly within the 
material, so tha t trapping lifetimes may become significant and limit the carrier 
transport. The contribution to the to ta l induced signal pulse from slow moving 
charges of this type will be negligible due to the filtering action of the amplifier 
shaping time.
At the highest temperature of 22^0 a well defined double-peak shape is ob­
served in the pulse height spectrum. This data corresponds to the space charge 
region being at its most shallow, for example with a depth of approximately 
12/j,m. Due to the shape of the alpha particle Bragg curve, the majority of the 
electron hole pairs will be created at the very end of the particle range, which 
lies outside of the space charge region. The exact cause of the double-peaked
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shape of the spectrum is not known, and further measurements would be needed 
to investigate this. However one possible explanation may be due to the use of 
an uncollimated alpha particle source, where the variation in entrance angle of 
the alpha particle produces events th a t create a varying amoimt of charge within 
the space charge region. For alpha particles entering at an oblique angle, more 
charge will be created in the space charge region so producing the peak at higher 
channel number. For events entering orthogonally to the detector surface the 
least amount of charge will be created in the space charge region, producing the 
peak at lower channel number. Whilst the range of alpha particle incident angles 
will be limited by the source/detector solid angle, the shape of the Bragg curve 
increases the effect of small variations in the incident angle.
In order to investigate the effect of the amplifier shaping time on the measured 
pulse height spectra, a digital pulse height analysis system was used which mea­
sured the signal amplitude of each event directly from the preamplifier output 
pulse. This digital data acquisition system used a high speed (1  GS/s) digital 
oscilloscope to capture the complete shapes of the alpha-induced pulses from the 
preamplifier [10]. The images shown in figures 5.24 - 5.25 show typical pulse 
shapes produced from the preamplifier, shown as the upper traces in each fig­
ure. The output of the shaping amplifier, after the 0.5 /is shaping time, is also 
shown in the lower trace of each plot. This signal was merely used to trigger 
the oscilloscope. Figure 5.24 shows two pulse shapes; the upper plot produced 
from a typical fast pulse, and the lower plot from a slower pulse. The risetime of 
the leading edge of the preamplifier pulse (the negative-going edge in these data) 
is due to the convolution of the preamplifier electronic risetime and the charge 
drift time of the carriers. In the lower trace of figure 5.24 a clear slow component 
can be seen on the leading edge, with a duration of 1 -2  fis. This amplitude of 
this type of slow pulse, as measured by the analogue MCA system, would be 
artifically reduced due to  the analogue amplifier shaping time. This phenomenon 
is commonly referred to as ballistic deficit in analogue MCA systems. Using a
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digital system, the true amplitude of the pulse can be calculated using a simple 
software algorithm that measures the pulse height as it asymptotically approaches 
the maximum amplitude.
As the preamplifier risetime is fast compared to  these timescales (typically 25- 
50 ns), a measurement of the 10 - 90 % risetime of the preamplifier pulse provides 
a direct measure of the charge collection time. The signal risetimes measured in 
sample 816 covered a range of values from 0.5 to  6  /is at room temperature. As 
the temperature of the device is lowered, the proportion of slow risetime pulses 
is reduced and the pulse height spectrum shows a well-resolved single peak. At 
room temperature a significant proportion of events have charge collection times 
greater than 0.5 fis, and the amplitude of these preamplifier pulses is not preserved 
through the shaping process when measured using the analogue system.
These measurements confirm the shallow depth of the space charge region 
in these devices. The observation of long carrier lifetimes outside of this region 
indicates tha t carrier lifetimes are long and th a t trapping is not occurring at a 
significant level. In principle, using a digital data acquisiton system, the majority 
of the signal amplitude can be recovered even for very slow pulses. However this 
is not a useful mode of operation for a radiation detector except at very low event 
rates.
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fii 2009/ A2 2.00V / r  0 . 00s  1.00# /  Sngl#fi2 STOP
VlCAl) = 7.500mV aVCAl) = 2S.00mV
Ai 2000/  riŒWi&aa ^  o .o o s  1.00# / Snglfflz STOP
V2CA15 = 32.50mV ÛVCA15 = 2S.00mV
Figure 5.24: S16 a-particle preamplifier pulses taken at lO^C with an applied 
bias of 50 V. The (top) plot shows a fast pulse and the (bottom) plot shows a 
slower pulse.
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Figure 5.25: 816 a-particle slow preamplifier pulse taken at -10°G and an applied 
bias of 50 V
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5,5.2 7“ray spectroscopy
Pulse height spectra were acquired using low energy 60 keV 7 -ray photons in 
order to assess the performance of these devices under more realistic irradiation 
with X-ray photons. Since the energy deposited in the detector of each photon 
is 1 % of tha t for an alpha particle, the signal/noise ratio of the pulses becomes 
critical. Consequently only the p-i-n pad devices which showed the lowest leakage 
current could be used in these measurements since it was not possible to observe 
individual gamma pulses from the other devices. In these measurements only the 
analogue-based MCA system was used, with a 0.5 fis shaping time.
Gamma pulse height spectra from devices S15d4 and S17d2 are shown in 
figures 5.26 and 5.27, acquired at a temperature of -50 ®C . The spectra have 
a broad, shapeless form, with a very weak and poorly resolved photopeak. The 
broad photopeak is caused by the range of interaction depths of the gamma 
ray photons in the devices, for which a large proportion will occur beyond the 
space charge region of the detector. For gamma ray events occuring a significant 
distance outside the space charge region the resulting signal amplitude will be 
negligible due to the very slow drift times of the carriers, and these events will 
not be detected within the amplifier shaping time.
The maximum CCE reached for device S15d4, measured from the events with 
highest signal amplitude, is about 80 % at a reverse bias of 90 V where the 
photopeak is only very weakly resolved. At 15 V the maximum CCE falls to 
about 30 %.
Figure 5.27 shows the same pulse height spectra acquired from device S17d2, 
which was fabricated with similar p-i-n contacts. Compared to the spectra from 
S15d4 a similar trend is observed, however the photopeak is slightly better re­
solved at higher applied bias. The peak CCE at 90 V corresponds to a similar 
CCE as tha t of the maximum charge collected from S15d4. The two-fold lower 
carrier concentration of S17d2 compared to S15d4 could explain the difference in
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gamma spectra between the two samples, with Sl7d2 showing a high resistivity 
and thicker space charge region.
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Figure 5.26: gamma ray spectra of S15d4 taken at -50 and at different
bias voltages.
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Figure 5.27: gamma spectra of S17d2 taken at -50°C and different biases.
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It is worth seeing what effect the temperature plays in the charge collection 
as revealed in figure 5.28, where the bias is kept fixed. Although only a minor 
effect, it can be seen when the tem perature is lowered the gamma ray photopeak 
becomes slighltly better defined. This may be due to either the extension of 
the depletion region or the reduction in the signal noise upon cooling due to a 
reduction in detector leakage current.
1000 -
(/} 1 0 0  -c38O)o
10
-49.^C
-ss.sPc
-14.5PC
I
100 200 300 400 500
Channel no.
600 700 800
Figure 5.28: '^^^Am gamma spectra of S17d2 taken at -70 V at several tempera­
tures.
CHAPTER 5. GAAS RESULTS 131
5.6 Conclusion
A range of chararacterisation measurements have been presented in this chap­
ter which study the basic properties of epitaxial GaAs grown by the novel ’close 
vapour transport’ technique. These measurements have shown th a t the material 
has a low concentration of EL2 defects and good spatial uniformity, with appar­
ently long carrier lifetimes. Using relatively simple Schottky and p-i-n contact 
structures, various detector test structures have been characterised in terms of 
I-V and C-V performance. Good rectifying behaviour was observed although a 
large range of reverse bias leakage currents was observed which is most likely 
due to variations in the geometry and quality of the various contact electrodes. 
For the best p-i-n devices a reverse bias leakage current density of 4.9 x 10~® A / 
cm^ was observed at -60 V at room temperature. Reducing the temperature to 
-9^0 caused a lowering of the reverse bias leakage current density to 2 .0  x 1 0 “ ®^ 
A / cm^. These dark current values are more than adequate for use in medical 
imaging photon detectors.
C-V measurements were carried out to investigate the carrier concentrations 
in the material, wliich are expected to  be limited by the residual impurities 
introduced during the material growth. Room temperature doping concentrations 
as low as 1.3 x 10^ "^  cm“  ^ were measured from the best sample, which reduced to
3.7 X 1 0 ^^  cm~^ at a temperature of -50°C. Consequently the measured depths of 
the space charge region in this material is very short, of the order of 10-15 /nn at 
room temperature.
The low concentration of defects such as EL2 in this material is advantageous, 
since this leads to relatively long carrier lifetimes of the order of microseconds. 
This is in direct contrast to SI GaAs wafers where the relatively high EL2  concen­
tration causes significant levels of trapping and short carrier lifetimes. Although 
slow pulses have been observed due to partial drift of carriers in the low field 
region of the detector, this is not a useful mode of operation for normal X-ray de-
CHAPTER 5. GAAS RESULTS 132
lectors. For real applications of these devices as detectors it is important tha t the 
residual impurity concentration in the material is further reduced by at least an 
order of magnitude so th a t the depletion thickness can be significantly extended.
Despite this severe limitation in performance, devices fabricated from epitax­
ial GaAs have shown well-resolved alpha particle peaks when measured using a 
^^^Am alpha particle source. When cooled to below -40^0 the depth of the space 
charge region extends beyond the alpha particle range, and the best spectroscopic 
results are obtained. For low energy photon measurements at 60 keV, when op­
erated at high bias and low temperature, a poorly-resolved and weak photopeak 
is observed. The performance of these devices as X-ray detectors is not currently 
viable without a signhcant improvement in material quality.
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Chapter 6
InP R esults
6.1 Introduction
The performance of InP radiation detectors fabricated from two differently 
grown InP:Fe wafers has been investigated. These materials are differentiated by 
the technique by which they are grown and by the method of introduction of the 
iron dopant. One set of material was grown using the Vertical Gradient Freeze 
(VGF) technique, and supplied by the company American Xtal Technology Inc. 
(AXT). It is claimed th a t this technique competes well with the conventionally 
used Liquid Encapsulated Czochralsld (LEG), primarily because of the significant 
reduction in dislocation density due to the lower temperature gradient tha t exists 
during the growth process. Iron doping is incorporated during growth, and the 
dopant distribution is thought to  be more homogenous as a result of the relatively 
small melt turbulent convection involved in the process [1].
The second batch of InP material was supplied by the by the MASPEC Insti­
tute, which was LEC-grown InP doped using a proprietary wafer-level iron doping 
technique. This method aims to produce SI InP with a more homogeneous dis­
tribution of Fe dopant through the wafer. The technique involves depositing Fe 
onto both sides of an undoped InP wafer and then annealing at 900*^0 for 50 
horns to diffuse the Fe into the wafer [2].
136
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Sample Growth
method
Thickness
(d)
Fe conc.* 
(cm“ )^
Me
(cm^/V.s)
P*
(L!cm)
Orient­
ation
InP l VGF 350 ±  25 i^ Lm -  1.5 X  lO ^ G  
(SIMS)
2600-
2700
1 .1-2 .1  
xlO?
(1 0 0 )
InP9 as-grown, 
Fe doped by 
indiffusion
500 f.tm 4 X  lO^ G 
(SIMS)
3000-
4000
> 1 0 ^
Table 6 .1 : Summary of properties of the SI InP material and devices used in 
this study. The parameters marked* were measured in this work, the remaining 
parameters were quoted by the material supplier.
One wafer of each type was characterised and then used to fabricate simple 
pad detector structures, identified as InP l (AXT) and InP9 (MASPEC). The 
electrical contacts used for each device consisted of 10 nm of Ti and 100 nm of 
An, evaporated on both sides under vacuum. Table 6.1 displays the important 
parameters of the two wafers, and some of the parameters deduced from the 
following measurements.
6.1.1 Secondary ion m ass spectroscopy
Secondary ion mass spectroscopy measurements were carried out on pieces 
of wafer InP l and InP9 for this project at the CASCADE facility at Brunei 
University. An analysis of the SIMS data was provided by CASCADE to quantify 
concentrations and depth profiles of Fe and Cu in each sample. The measurements 
were carried out on a C AMEC A SIMS instrument, which has detection limits for 
both metals of 2  x 1 0 ^^  cm“ .^
Figure 6 .1  shows the SIMS profile obtained from one side of sample InP l. 
There was no discernable difference between the two surface of this sample. This 
data shows an Fe concentration of 1.5 x 10^ ® cm~^, which is above the detection
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limit of the SIMS measurement. The variation with depth is extremely uniform, 
apart from an anomolous signal very close to the wafer surface.
Figure 6 .2  shows the SIMS profile obtained from the smoother side of sample 
InP9. The data show a high initial concentration of both Fe and Cu for the first 
3 /^m, then a fiat depth profile with low Fe and Cu concentrations. For Fe the 
measined concentration is approximately 8  x 10^ ® cm~^, and the Cu concentration 
is below the detection limit of SIMS.
The corresponding data taken from the rougher side of sample InP9 is shown 
in figure 6.3. This shows a deeper pentration thickness of the heavily doped 
surface region, extending up to 7 ^m  for Fe. The base level of Fe concentration 
is also significantly higher on this side of the wafer, at >  1 x 10^ ® cm“ .^ It 
is highly likely tha t this side of the wafer was placed in contact with a surface 
contaminated Fe and Cu, whilst undergoing the annealing process. This would 
explain the higher concentration of impurities of the rough side and also the much 
extended diffusion before reaching a level depth profile.
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Figure 6.1: SIMS depth profile for Fe and Cu concentration of one side of InP l.
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Figure 6 .2 : SIMS depth profile for Fe and Cu concentration of the smooth side 
of InP9.
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Figure 6.3: SIMS depth profile for Fe and Cu concentration of the rougher side 
of InP 9.
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6.1.2 Surface m orphology
Optical inspection shows tha t one side of sample InP9 appears to be considerably 
rougher than the other. This was examined further by using a Scanning Electron 
Microscope (SEM) to investigate the surface morphology. The SEM micrographs 
are shown in figmes 6.4 (a) and (b). The SEM images were taken with the sample 
placed at an angle to the incident beam of (a) 70° and (b) 0 ° respectively. Small 
low density pits are seen on the smooth side (a), whereas much larger extended 
regions of irregular pits and crevices were observed on the rough side (b).
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(a) smooth side ( 97 fim  x 73 fim)
(b) rough side (60 jj,m x 46 nm)
Figure 6.4: SEM images for both sides of InP9. The size of the micrographs are 
indicated.
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6.2 Optical m easurem ents
6.2.1 T w o-dim ensional p hotolum inescence m apping of SI 
InP
Room temperature scanning photoluminescence was performed on In P l and 
InP9 using a step size of 1 0 0  /xm for each scan, and a delay time between each 
pixel of 600 ms. Section 4.1 describes this system in more detail.
The near-bandedge (NBE) room tem perature PL emission spectra taken from 
the central region of each wafer are also shown alongside their corresponding 
PL maps. The PL maps show the intensity of PL emission at the peak (near- 
bandedge) emission wavelength.
The PL peaks are observed to exist at wavelengths of 890 nm and 875 nm, 
for In P l and InP9, respectively. This was surprising since the room temperature 
NBE emission peak non-intentionally doped InP is expected to occur at 920 nm 
(or 1.35 eV). The apparent shift in peak centroid to lower wavelength may be an 
artifact of the GaAs-photocathode photomultiplier tube used in the PL system. 
Figure 6.5 displays the spectral response curve of the Hamamatsu R636-10 PMT 
th a t was used which shows a sharp fall in sensitivity in the wavelength range 
800-900 nm. This would produce a centroid shift in the measured PL spectra 
and an apparent drop in the peak wavelength in the region of interest.
By setting the monochromator to the wavelength corresponding to the maxi­
mum observed PL intensity, maps of NBE PL intensity map were acquired from 
InP l and InP9, as shown in pai'ts (b) of figmes 6 .6  and 6.7, respectively. Figure 
6 .6  shows the PL map of the In P l device, including the metal circular contact 
which shows as a dark region due to the lack of luminescence through the metal. 
The ceramic substrate material on which InP l is mounted is also seen in the im­
age. In general the non-contacted regions of InP l exhibits homogeneous PL with 
no sign of any significant non-uniformities. Figure 6.7 shows similar data from a
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non-contacted piece of the InP9 wafer which also demonstrates good homogeneity, 
Areas of high contrast of PL intensity suggest regions of poor homogeneity, 
which have been shown by other authors to anti-correlate with the Fe concen­
tration [3]. However, from our PL intensity maps, these wafers do not appear to 
suffer from any high degree of lateral non-uniformity in Fe concentration.
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Figure 6.5: Published spectral response of the Hamamatsu R636-10 photodetec­
tor.
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Figure 6 .6 : Room temperature (a) PL spectrum and (b) PL intensity map of 
InP l, where the dark circular region is the metal contact.
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Figure 6.7: Room temperature (a) PL spectrum and (b) PL intensity map of
InP9
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6.2.2 Low tem perature p hotolum inescence
Low temperature PL spectroscopy was also performed in a different experi­
ment which used a non-scanning helium cryostat and a Si-enhanced GaAs Charge 
Coupled Device, the details of which are described in section 4.1.1.
The variation of band gap with temperature is expected to follow the empirical 
Varshni function [4]
aT^E,{T)  =  E,(0)  -  —  (6.1)
where Eg{T) is the band gap energy at temperature T  degrees in Kelvin, and 
Eg{0) is the band gap energy at absolute zero and is equal to 1.432 eV, and a, 
b are empirical constants. The band gap energy decreases as T{K)  increases for 
semiconductors in general, except for zero-gap and some narrow-gap semiconduc­
tors where the thermal expansion coefficient may be positive.
Low temperature PL results
Figure 6 .8  shows the PL spectra from samples InP l and InP9, acquired at a 
temperature of 80K. The main PL peak shown in figure 6 .8  for In P l and InP9, 
is due to conduction band to acceptor recombination, e-A°, and has an energy 
of 1.40 eV at 80 K. The origin of the band-acceptor luminescence is discussed
in section 2.4.1. At this temperatme, both wafers show a small intensity lower
energy peak at 1.37 eV. This is ascribed to  the donor-acceptor recombination 
between shallow impurities, X i(D i - A°), where Xi is an impurity. Demberel [5] 
also observes the same peak at 1.37 eV for bulk Fe-doped InP at 1.37 eV at a 
slightly lower temperature of 77 K.
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Figure 6 .8 : PL spectra acquired at SDK from (a) InP l (AXT) and (b) InP9 
(MASPEC).
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Another lower energy peak is observed for InP9, labeled X2 (Di - A°) at 1.24 
eV. The peak is relatively broad and may be due to either Cu or Fe impurities, 
eg. from Cu phonon replicas or from the Fe-Si complex [5].
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840 860 880 900 920 940
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Figure 6.9: PL of In P l (AXT) at 52 K
A PL spectrum of InP l was also taken at a lower temperature of 52 K as 
in figure 6.9, revealing sharper and higher intensity peaks. The peak centroid 
wavelengths are shifted to  higher energies by 14 meV ( 1%) when reducing the 
temperature from 80 K to 52 K. This negative shift in the BE emission wavelength 
has been widely reported in the literature [6 ], and is caused by a combination of 
thermal expansion and electron-phonon interactions. Using the Varshni equation 
6.1 and the BE emission energies at 52 K and 80 K, values for sample InP l of the
CHAPTER 6. INP RESULTS 151
Varshni constants a and b are deduced as 0.68 meV/K and 56.78 K, respectively. 
These compare reasonably well to the values reported by Hang et al [19] of a =  
0.41 ±  0.03 meV/K and h = 136 d= 60 K.
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PICTS results of In P l
Generally, the PICTS spectra obtained from InPiFe are complex due to the 
large number of deep traps present in the material, and the dépendance on the 
material purity and growth parameters. Some of the major levels tha t are of­
ten seen in InP:Fe have been successfully identified with particular defects and 
impurities in the literature, however there are still many levels of unknown origin.
In an attem pt to determine the trap  levels in the different samples of InP 
available and to look for any differences between the samples, the PICTS method 
was applied as described in section 4.1.2. An infrared diode laser of 830 nm, was 
used to acquire current transients sampled with 1 0 0 0  data points and sampling 
time of 1 IIS. All materials were scanned over a temperature range of 80 K to 
just over 300 K.
1e+0 -   145K
  185K
  225K
  265K
  300K
1e-1
ci
Ioc
1e-4 -
1e-5 -
0 2e-4 4e-4 6e-4 8e-4 1e-3
tim e(s)
Figure 6.10: Logarithmic plots of the current transients of AXT InP l taken at 
several temperatures.
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Figure 6 .1 1 : (a) PICTS spectra of AXT InP l taken with a sampling time ratio 
of Z2/Z1 =  2, and (b) Arrhenius plots of InP l defect levels.
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The temperature dependent current transients can be used to calculate the 
thermal emission time constant of the various deep levels present in the sample. 
As shown in figure 6.10, the InP l sample heated to 300 K shows the strongest 
delayed emission indicating th a t a deep level is strongly emitting carriers at this 
temperature. Although the transients are fairly noisy, PICTS spectra can be 
extracted and show three resolvable peaks labeled Ai, A2 and A3 , as shown in 
figure 6.11(a). By applying a digital 2-gate boxcar sampling algorithm, activation 
energies were assigned to these three peaks of 0.26 eV, 0.42 eV and 0.52 eV, 
respectively, as shown in figure 6.11(b). The Ai level is tentatively ascribed as a 
hole related trap [8 ], due to a native defect.
A DLTS investigation of MOCVD grown epi InP of very low residual impu­
rities has revealed an electron trap  of energy 0.44 eV [9]. By measurement of 
the 0.44 eV level in samples grown and annealed under various conditions, the 
trap  is deduced to arise from some complex of residual impurities and native de­
fects related to a phosphorus deficiency, such as phosphorus vacancies or indium 
interstitials.
Furthermore, the 0.44 eV trap  has also been observed in VPE InP grown 
by the PCL3 method [10]. The trap  density is found to rise after heating in 
H2 at temperatures greater than 450°C, suggesting the formation of P vacancies 
from the preferential loss of P with heat treatment. Based upon PL and SIMS 
measurements the 0.43 eV level has been related to Fe atoms tha t form a P 
vacancy-Fe impurity complex [11]. It is therefore concluded th a t the A2 level 
is highly likely to  be due to a P vacancy-Fe complex. A3 is also thought to be 
phosphorus related, and has been ascribed to a  native defect connected with an 
excess of P [8 ].
PICTS results of InP9
Some examples of the current transients acquired from InP9 are shown in figure 
6 .1 2 . The resulting PICTS spectra are shown in figure 6.13, which show five
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resolvable levels. From this data, it is not possible to determine directly whether 
the traps are electron or hole related, and so DLTS experimental results are 
refered to from the literature. Level B2 with an energy of 0.26 eV, also observed 
in InP l, is assigned as a hole related trap  [8 ]. B4 with an energy of 0.50 eV has 
also been assigned as a hole trap  and is suspected to arise from a phosphorus 
related defect [12]. Lastly, B5 is considered to be the Fe ^+/Fe^+ acceptor level 
responsible for the compensation of the shallow levels [8 ] [12]. Both B4 and B5 
are weak and poorly resolved and thus are tentatively ascribed.
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Figure 6 .1 2 : Current transients from MASPEC InP9 taken at several tempera­
tures.
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Figure 6.13: Piets spectra of MASPEC InP9 with sampling time ratio of 2^/^1=  
2 and emission time t^e/ (a) equal to 180.34 fi s and (b) of various t^e/, plotted 
on a logarithmic scale.
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Figure 6.14: Arrhenius plot for the defects observed in MASPEC InP9.
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6.3 Electrical
6.3.1 CÇE and sp ectra  o f I n P l (A X T )
I-V plots taken of InP l at various temperatures are shown in figure 6.15, where
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-30
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Figure 6.15: AXT InP l I-V plots taken at various temperatures. The diameter 
of the contact used is 3mm.
a symmetric behaviour is seen for both bias polarities, consistent with the ohmic 
nature of the Ti/A u contact [13] [14]. A room temperature resistivity value is 
deduced from the gradient to be approximately 1.2 x 10  ^ (1cm. This lies within 
the values obtained by Dubecky [13] of values 0.4 — 1.5 x 1 0  ^ (1cm for three 
different samples of InP:Fe. That of resistivity 1 .5  x 1 0  ^ (1cm is claimed to have 
an Fe content of 3.2 x 1 0 ®^ cm“ .^
Figure 6.16 shows a spectrum taken at —21°C, and a bias voltage of -268
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V. As there is a negative bias at the front side, the signal will be mostly due 
to electron transport using the Ramo equation 3.9, since the a-particles have a 
short penetration depth of 21 fim  in InP. The peak corresponds to a CCE of 15 
%, and energy resolution 34 %. At a higher bias of -742 V (figure 6.17) the peak 
corresponds to 3950 keV, CCE of 72 % and an energy resolution 7.5 %.
Prom the data shown in figure 6.18) it appears tha t the CCE of electrons is 
weakly dependent on temperature. However, low temperatures are required to 
produce high voltages across the detector, yielding higher drift velocities. The 
voltage values are calculated by simply deducting the voltage across the load re­
sistor of 100 k(l in series with the detector from the apphed voltage. The electron 
CCE at 700 V is more than  twice the CCE at 350 V, hence it is worth going down 
to lower temperatures to obtain such a high voltage across the detector.
1000
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Figure 6.16: a-particle spectrum of In P l with a voltage of -268 V across the 
detector. The charge collected is due mainly to the electrons.
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Figure 6.17: a-particle spectrum of InP l with a voltage of -742 V across the 
detector.
Figure 6.19 is a plot taken under similar conditions only with the irradiated 
side at 4- ve polarity bias and so the charge induced signal would be due to 
holes. From figure 3.13 [15], again the slope shows the mobility to increase with 
an increase in bias for the E-field range we are interested in. This corresponds 
well with the CCE of our experimental results, increasing as a function of bias. 
However, to explain the experimental data with respect to temperature is not 
as straightforward. The Hall hole mobility for Zn-doped samples of different 
carrier concentration is seen to  decrease with an increase of temperature for our 
temperature range of interest [16]. This can be explained by the domination 
of optical phonon scattering in the valence band tha t increases as the thermal
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Detector Bias
(V)
Peak Centroid 
(keV)
FWHM
(keV)
-268 815 279
-742 3950 295
Table 6.2: Peak centroids and energy resolutions of InP:Fe talceii at various bias
excitation of the lattice increases, in tu rn  decreasing the mobility of the holes. 
However, this is not what is seen to occur in our data with regards to the hole 
CCE temperature, if it is assumed th a t the CCE is a linear function of mobility.
A possible explanation could then be tha t the carrier lifetime increases, thus 
giving an increase in the CCE. After having obtained the CCE as a function of 
bias for several temperatures, from these values and the Hecht relation, equation 
3.10, the ^r-product can then be extracted from a least squares fit program ( 
performed using MATHCAD) to equation 3.10.
By inspection, the CCE can be said to be proportional to the /zr-product, 
and the last term can be neglected to simplify the calculation, because of the 
small penetration depth of the cr-particles. The /ir-products of the electron and 
tha t of the holes are interchanged correspondingly when the bias is reversed. A 
first order approximation for the /ir-product is necessary to account for the non­
linear response regime of the mobility as a function of detector bias, see figures 
3.12 (a) and 3.13. Initially the fits were obtained assuming a linear response 
as can be seen for both carriers before and after the inclusion of the 1st order 
approximation at —21°C. The fit for the holes shows a significant improvement.
Figure 6.20, showing all the /ir-products of all the InP samples for both car­
riers, reveals the /zr-product for the holes in In P l to increase with an increase in 
temperature. Whereas th a t of the electrons is constant as a function of temper­
ature. The estimates obtained for the ^ir-product of InP l by the fitting program 
are in the magnitude of 10"^ cm^V~^ for both the electrons and holes at —21°C,
CHAPTER 6. INF RESULTS 163
80
60 -
^  40 -
— ^ — 1 0^C
—V- o°c
— -5°C 
-12°C 
—B— -18^ C 
— I 21 °C
20 -
0 100 200 300 400 500 600 700 800
Voltage (V)
Figure 6.18: CCE of electrons in InP l at diflFerent temperatures vs applied voltage
with that of the electrons being slightly higher. Lund et al. [17] obtain with their 
similar detector, results tha t show better /ir-products of 5 x 10~® cm ^/V  for elec­
trons and ~  10“  ^cmV~^ for holes. This is possibly due to low Fe concentrations 
stressed in their work as well as cooling the detector to 195 K, which increases 
the resistivity considerably to 4 x 10  ^ Q.cm.
In P l as a low energy photon detector
At — 19^C, the detector was irradiated with photons of energy 622 keV from 
a ^^^Cs source with an actual applied voltage of -544 V with respect to the 
irradiated side as shown in figure 6.21 (a). In this case we can no longer assume 
that a charge-induced signal is mainly due to the flow of the one type of carrier -
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Figure 6.19: CCE of holes in InP l at different temperatures vs applied voltage
see section 3.1.2. The spectra show a continuum of events extending to low energy 
due to Compton scattering, with a small broad photopeak just resolvable from 
the continuum. The photopeak has an energy of about 435 keV, corresponding 
to a CCE of about 66 %. Similar results are observed in figure 6.21 (b) for similar 
conditions with a positive bias applied to the irradiated side at a slightly higher 
bias of +548 V. The CCE is worked out to be more or less the same, and so the 
bias polarity makes very little difference to the operation of InP l as a photon 
detector.
InP was also irradiated with ^^Co of photon energy 122 keV, (figure 6.22), at 
a temperature of —30^C, but the peak could not be resolved from the continuum 
of events which is partly caused by electronic noise at very low energies. Gamma-
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Figure 6.20: The logarithmic electron and hole /zr-product as a function of tem­
perature for all three InP wafers.
spectra were also taken at a lower temperature of about -60°C using ^^^Am of 
60 keV photons. The corresponding figures 6.21 (a) and (b) also show Compton 
scattering, with the Compton edge increasing with applied bias. However, no 
photopeaks are resolved even at -60°C as shown in figure 6.23. In contrast with 
the detection of ^^Co photons (figure 6.22), the polarity of the applied bias seems 
to have an effect on low energy photons. A negative polarity on the irradiated 
side, provides a much better CCE at a particular bias. Also, there is evidence of 
a photopeak just past the verge of becoming resolved from the continuum, but 
only for the negative bias.
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Figure 6.21: Spectrum of In P l irradiated with at —19®C and gain =  205 
on front side with (a) - ve bias of 544 V (CCE=66 %) and (b) +  ve bias of +  548 
V (CCE=62 %).
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Figure 6.22: Spectrum of InP l irradiated with at —30^C.
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Figure 6.23: 60 keV 7 -spectra of InPl at -57^C as a function of both (a) negative
and (b) positive bias.
CHAPTER 6. INP RESULTS 169
Characterisation of InP9 (M ASPEC)
In the measurements to follow, the one-stage Peltier heat exchanger was re­
placed with a three-stage Peltier, providing lower temperature operation down to 
-60^C.
As compared with the I-V plots of InP l, figure 6.15, the plots in figure 6.24 
show InP9 to have some contact assymetry. The resistivity at room temperature 
in the linear region, exhibits a much higher value of 3.15 x 10® Llcm, indicative 
of the lower Fe concentration.
The SIMS plot of this rough side, indicates a very high Fe concentration of 
magnitude 10^ ® cm"® before beginning to level off at a depth of about 7 /i,m, 
and hence gives rise to a junction, see section 2.2.4. At a negative bias of -200 V, 
the lealcage current of InP9 is -^11 times smaller than tha t of the InP l, at room 
temperature. The a-particle spectra taken at various temperatures and biases are 
shown in figures 6.25 - 6.28. A high energy tail is seen for hole collection, not 
seen for electron collection, indicating a low carrier lifetime. This tail becomes 
more prominent as the sample is cooled and for lower applied biases.
Figure 6.29 shows the electron and hole CCE of InP9 as a function of bias 
taken at various temperatures. It is highly likely tha t the hole traps already 
shown to exist by the PICTS measurements, are the cause of such hindrance of 
hole collection, where the concentration or capture-cross section appears to be 
temperature dependent. When compared with the data for InP l, figures 6.18 and 
6.19, the trend of electron CCE with tem perature seems to be more dependent on 
temperature, and tha t of the holes also being dependent as in the case of InP l. 
The data does not exceed the peak E-field of 11 keV/cm by much as in the case 
of InP l, due to the higher sample thickness.
The /ir-products of the electrons and holes were then deduced as explained 
in the case for InP l, figure 6.20. The figure shows tha t at the temperatures in­
vestigated, the electron )iir-product is higher than that of the hole /ir-product
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by about an order of magnitude at the lower temperatures. Interestingly, it is 
deduced tha t the spectroscopic behaviour becomes better at low temperatures 
for electron collection. However, if holes are collected then the /ir-product un­
fortunately decreases as the temperature is lowered.
InP9 as a low energy photon detector
It can clearly be seen from figure 6.30, tha t applying a bias in one direction 
proves better for low X-ray spectroscopic measurements than in the other. For a 
negative bias applied with respect to  the irradiated side, photopeaks are resolved. 
However, for a positive bias low energy gamma-rays are observed only as a plateau 
continuum, where the continuum edge unexpectedly exhibits a much higher cce.
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Figure 6.24; MASPEC InP9 I-V plots taken at various temperatures. The diam­
eter of the contact used is 3mm.
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Figure 6.25: MASPEC InP9 cr-spectra taken at room temperature.
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Figure 6.26: a-spectra of InP9 at +5°C as a function of bias of both (a) electrons
and (b) holes. The spectra are taken at the same gain of 205.
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Figure 6.27: a-spectra of InP9 at -20®C as a function of bias of both (a) electrons
and (b) holes. The spectra are taken at the same gain of 205.
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Figure 6.28: a-spectra of InP9 at -60°C as a function of bias of both (a) electrons
and (b) holes. The spectra are taken at the same gain of 205.
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lnP9 electron CCE as a function of bias taken at several temperatures
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Figure 6.29: CCE of InP9 as a function of bias taken at various temperatures of
both (a) electrons and (b) holes.
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Figure 6.30: 60 keV 7 -spectra of InP9 at -57°C as a function of both (a) negative
and (b) positive bias.
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6.4 Conclusion
The highest CCE exhibited for all the InP samples was 90 % for a hole signal 
of the 500 fj.m thick InP9 sample, measured at 0°C and at a bias of +  500 V. A 
general trend exists for the ^r-products of the carriers as a function of tempera­
ture, where the /.tr-prodiict of the electrons tends to increase as the temperature 
is decreased, whilst tha t of the holes tends to decrease. Prom the investigated 
data, InP9 is the superior sample of the two for use as a radiation detector, and 
exhibits the highest /.ir-products for both the electrons and holes, 3.6 x 10“  ^
cm?/ V  and 1.5 x 10“  ^ cm ^/ V  respectively. It is of interest th a t InP9 has /ir- 
products which are only an order of magnitude less than th a t CdTe (/.ir-products 
for electron and holes are, 10“  ^— 10~^ cm^/ V  and 10"^ — IQr^ cm^/ V  respec­
tively). The MAS PEC sample is shown in this investigation to have /xr-pro ducts 
more than an order of magnitude higher than tha t of the commercial AXT.
6.4.1 M eth od s o f im proving th e  d etector perform ance
Various ways of improving the detector performance for a particular bias and 
temperature are possible by improving either the InP material quality or the 
contact fabrication method. In particular, the development of effective blocking 
contacts could partially overcome the high leakage current seen in these devices 
at room temperature. Specific areas of further investigation include the following:
• the introduction of a  p"*" contact using Zn doping as employed by Diibecky 
et al. [18] showing a significant reduction in the leakage current. The p+ 
contact exhibits a higher Schottky barrier.
• use of an in-situ electrochemical process developed by Wu et al. [?], where 
Schottky contacts produced by this technique are compared with contacts 
fabricated by a conventional thermal evaporation technique.
Bibliography
[1] http:/ / WWW. axt. com/aem/ vgftech. htm
[2] Fornari R., and Grog T. Journal of Applied Physics 88 (9) p5225 2000
[3] Vetter T., Treichler R., Winnacker A. Semiconductor Science and Tech­
nology 7 pl50-153 1991
[4] Varshni Y. Physica (Utrecht) 34 pl49 1967
[5] Demherel L., Popov A., Kushev D., Zheleva N. Physica Status Solidi (a) 
52 p341 1979
[6] Beaudoin M., DeVries A. J.G., Johnson S.R., LamanH., Tiedje T. Applied 
Physics Letters 70 p3540-3542 1997
[7] Kaminski P., Kozlowski R., Strzelecka S., Piersa M. Journal of Physics: 
Condensed M atter 16 S225 - S233 2004
[8] Kaminski P., Pawlowski M.,Cwirko R., Palczeweska M., Kozlowski R. Ma­
terial Science and Engineering B42 p 213-216 1996
[9] Yamamoto N., Uwai K., Takahei, K. Journal of Applied Physics 65 p3072 
1989
[10] Inuishi M., Wessels B. Thin Solid Films 103 pl41 1983
[11] Illiadis A., Laih S., Martin E. Applied Physics Letters 54 pl436 bf 1989
179
BIBLIOGRAPHY  180
[12] Rhee J., Bhattacharya P. Journal of Applied Physics 53 (6) p4247 1982
[13] Dubecky F., Fornari R. Nuclear Instruments and Methods in Physics 
Research A 408 p491-495 1998
[14] Valentini A., Cola A. Nuclear Instruments and Methods in Physics Re­
search A 373, p47-50 1996
[15] Brennan K., Hess K. Physical Review B 29 (10) p5581-5590 1984
[16] Dargys A., Kundrotas J. H an d b o o k  on  P h y sica l p ro p e r tie s  o f G e, Si, 
G aA s an d  In P  1994
29 p3438 1984
[17] Lund J., Olschener F. Nuclear Instruments and Methods in Physics Re­
search A 272 p885-888 1988
[18] Dubecky F., Fornari R. Nuclear Instruments and Methods in Physics 
Research A 408, p491-495 1998
[19] Hang Z., Shen H., Poolak F.H. Solid State Communications 73 pl5-18 
1990
Chapter 7
Conclusion
Unfortunately, SI bulk grown GaAs is not suitable for X-ray imaging because 
it contains a large and non-uniform concentration of defects and is characterised 
by a very short minority carrier lifetime. On the otherhand, the n+ epitaxially 
grown GaAs by the ’chemical reaction’ has shown suitable properties, except for 
the limitation of the depletion width. A sample with a relatively low impurity 
concentration of 1.3 x 10^  ^ cm~^, showed carrier lifetimes of up to 2 ps  at room 
temperature. The depletion width only extends to 20 pm  from the Schottky con­
tact with a bias of 10 V across the sample at room temperature. This limitation 
of the depletion width is due to the residual impurities within the material from 
the growth process.
Several defect levels were observed for InP:Fe by PICTS, with the main level 
being ascribed to the Fe^ "^  acceptor impurity, responsible for the materials semi- 
insulating properties. A balance of the Fe dopant will be required for optimum 
detector properties. The introduction of Fe by evaporating Fe on both sides of 
an as-cut InP wafer and then annealing of the wafer has been shown to exhibit 
better properties in comparison with InP grown by the vertical gradient freeze 
using the standard Fe incorporation into the boule. In particular, the mobility­
lifetime product of the carriers in this material are about two orders of magnitude 
higher than tha t of the VGF InP,
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Another problem with the performance of InP:Fe for medical imaging appli­
cations is the inability to form blocking contacts on the material. The application 
of Schottky contacts onto IiiP:Fe produces only a very low barrier height, and 
the contacts have an ohmic performance. As a consequence, the leakage current 
of these devices are too high for operation at room temperature and would then 
need to be cooled.
To directly test if the samples of GaAs and InP under investigation are suitable 
for low energy radiation detection, all samples were irradiated with gamma rays of 
photon energy 60 keV. W hat is concluded is th a t the chemical vapour grown GaAs 
p+-ikn+ detectors exhibit better charge colletion efficiencies of the photopeak with 
th a t of the InP detectors, albeit the energy resolution is slightly better for the 
InP material.
The limiting performance of the GaAs devices is due to the relatively high 
residual impurity concentration tha t exists in the GaAs wafers. Ideally the growth 
technique will need to be further investigated to minimise any impurities tha t are 
incorporated. Further studies of deep defects in the GaAs material should be per­
formed using PICTS, for which the selection of appropriate contacts is essential 
in ensuring tha t any current induced by the laser exciting the metal contact is 
minimal and does not significantly contribute to the photo-induced signal. In 
particular, use of suitable semi-transparent optical contacts in this study would 
have resulted in the identification of the EL2 defect. If this epitaxial GaAs ma­
terial is to be used as X-ray detectors, the residual impurity concentration must 
be further reduced by at least an order of magnitude, without having to-cool the 
devices to temperatures around -50®C.
If InP:Fe is to be used as a low energy radiation detector, the introduction of 
Fe by diffusion into the InP material as th a t performed by MASPEC will need 
to be recognised and incorporated by the growth industry as a common standard 
of practice. Studies of the best appropriate annealing conditions will also have 
to be investigated as will the minimal amount of Fe needed for evaporation onto
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the wafers. Application of good rectifying contacts onto InP:Fe will also have to 
be thoroughly investigated so th a t the benefit of the high bandgap of InP can be 
manipulated. Thus, one can be optimistic th a t InP compounds will one day be 
recognised as radiation detectors for low energy X-rays. After all GaAs has seen 
marked improvements over nearly four decades of studies.
A ppendix A
To calculate the capture cross-section, the value of the y-intercept of the 
PICTS Arrhenius plot, as well as the values of the effective density of states, Ac, 
and the thermal velocity of the carrier ,1/^ , are required.
%  =  2 Mo (A.l)
where is the density of state effective mass, T  is the absolute temperature 
in Kelvin, and Me is the number of equivalent minima in the conduction band.
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